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FOREWORD

This is the Final Report on Contract NAS-3-2551 covering the period from 30

June 1962 through 15 December 1963, The work performed under this contract

was administered under direction of the NASA Lewis Research Center's Solar

and Chemical Power Branch. Mr. Harvey J. Schwartz, Head, Electrochemical

Tecbmology Section was the Program M_nager for NASA. The report covers the

work performed by the prime contractor, Thompson Ramo Wooldridge Inc., Electro-

mechanical Division, New Product Research Department and Ionics, Inc. as a

major subcontractor to TRW. Mr. William J. Leovic was the TRW Program Manager

and Mr. Thomas H. Hacha was the Project Engineer and major author of Part II

of the report. The work performed by Ionlcs Inc. was under the technical di-

rection of Dr. Werner Glass,. Assistant Director of Research. Mr. Frank B. Leitz

was the lead engineer at Ionic s and was co-author of Part I of the report.

Dr. Richard A. Wynveen of TRW served as a technical consultant to program

management and contributed in part to the preparation of this report.
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ABSTRACT

"l

Fuel cell components satisfactory for service in 6 N H2SO 4 at temperatures up\

to 95°C were determined. Critical components selected included the Ionic 61- \
AZG cation membrane and niobium current collectors. Ultimately a lO-cell bat-

tery was constructed according to results obtained on five 5-cell batteries.

The lO-cell battery performance was characterized by 7.8 volts at 24 amp/ft 2

(a 15% increase over the design goal), a specific conductance of 360 mhos/ft2/

cell and a peak power density of 64 watts/ft2/cell. Increasing the operating

temperature increased the performance. Electrolyte normality, Ne, gas flow-

rates and small changes in pressure levels (5 to 15 psig) had no noticeable

effect on performance. The liquid transport rate across the H2 - side membrane,
2

however, was_< N e while the transport across the 02 - side membrane was

Nm-2 , where Nm is "membrane" normality. A conservative 2 KW fuel cell battery

was designed.

In addition_ a number of commercially available membranes were evaluated for

\
use in an osmotic water separating still. The American Machine and Foundry

C-60 membrane was determined to be most suitable for this application. A "2 KW

Osmotic Still" was designed and fabricated. This "Osmotic Still" utilized

multiple C-60 membranes and completed a 100 hour test. The design water ex-

traction rate of 2 lbs/hr of pH 5 or above from 6 N H2SO 4 at 195°F was obtained

during this test.
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1.0 INTRODUCTION

This report summarizes the results of a two part experimental development pro-

gram on the dual membrane fuel cell system using an osmotic still to separate

product water from an acid electrolyte. The program has been a Joint effort

by Thompson Ramo Wooldridge Inc. and Ionics, Inc. as a subcontractor. TRW has

been responsible for overall program msnagement and the development of the os-

motic water separating still. Ionics has conducted the work relating to the

designing and testing of the low pres_ure_ non-regenerative, dual membrane

hydrogen-oxygen fuel cell.

Continuous operation of H2 - 02 fuel cells require that the heat and water

generated in the cells be removed. Figure I-1 shows a schematic of the space

power system utilizing the dual membrane fuel cell and osmotic still. Continuous

operation is accomplished by circulating the electrolyte through the fuel cells

to absorb the heat and moisture, into an osmotic still to remove water and

through a heat exchanger to remove heat. It _as the purpose of the present

program to develop the osmotic still and to improve the performance character-

istics of the dual membrane fuel cell.

This report is organized into two separate parts. Each part is complete with

its own introduction, summary, description of the work completed, and recommen-

dations.

Part I covers the development of the dual membrane fuel cell which terminated

in the delivery to NASA-Lewls of a 10-cell battery and a detailed engineering

design of a 2 KWbattery.

Part II describes the developmental program leading to the successful i00 hour

operation of an osmotic still capable of handling all the water formed by a

2 KW, H2 - 02 fuel cell. The 2 KW osmotic still was also delivered to NASA-

Lewis
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II. SUMMARY

The developmental work on the dual membrane fuel cell led to the selection of j
/

the optimum materials for fuel cell components. The effect of changes in cell !

configuration and electrode manufacture were investigated in single ceils and

then favorable combinations were further tested in a series of five 5-cell bat-

teries. All of the 5 cell batteries passed the qualification test by running

for i00 hours at greater than 3.4 volts while at a current density of 24 asps/

ft 2.

A lO-cell battery was then constructed using components of the type found to

give the best performance in the 5-cell assemblies. The resulting battery

averaged 7.78 volts at 24 amps/sq, ft. during its qualification run. This was

considerably above the program design goal of 6.8 volts at 2_ amps/sq, ft.

The program was completed with the detailed engineering design of a 2 KW battery.

In order to minimize scale-up problems the design has retained the overall

component size and materials of the successful lO-cell battery. This means,

however, that the design has not been optimized.

Under Part II of the program, a series of commercially available Ion-exchange

membranes were evaluated for use in a osmotic water separtlng still. The AMF

C-60 cation membrane was determined to be the most suitable membrane for use

in a 2 KW "Osmotic Still"



PARTI
DUAL MEMBRANE FUEL CELL DEVELOPMENT

1.0 Introduction

This part of the report covers all efforts directed toward performance improve-

ment of the dual membrane fuel cell. These investigations had three major ob-

Jectives:

1. Continue the development of the Ionics Dual-Membrane H2/O 2 Fuel Cell

2. Deliver a 10-cell Battery with 1/4 ft 2 of active area per cell;

this battery to be capable of maintainlng at least 6.8 volts at

a current of 6 amps or 24 amps/ft 2.

3. Furnish a detailed engineering design of a 2-KW (net) Ionics Dual-

Membrane H2/O 2 Fuel Cell Battery.

Previous work at Ionics had led to development of the Dual-Membrane fuel cell

where the "separator" between the H 2 and 02 compartments consists of two ion-

exchange membranes sandwiched around a layer of liquid electrolyte. The electro-

lyte, an aqueous solution of H2S04, is circulated through the cell and serves

not only as electrolyte but also as coolant and as membrane moisture controller.

Waste heat is removed from the cell by the circulating electrolyte. The con-

tinuous contact between the ion-exchange membranes and the liquid electrolyte

keeps the membranes adequately moist at all times, no matter what current load

is being drawn from the cell. As the membranes Are thus kept moist by the

electrolyte they will not dry out and crack, a fairly common phenomenon with

single-membrane H2/02 fuel cells.

Section 3.0 of this part of the report describes the experimental apparatus and

procedures used during the development phases of the work which are covered in

Section 4.0. The single cell tests covered in Section 5, provided the informa-

tion necessary to design, construct, and test the five 5-cell batteries. The

basis for the design and construction of the lO-cell battery is brought out in

Section 7.0 which covers the five 5-cell battery tests. The actual construction

and testing of the lO-cell battery is described in Section 8.0. The process

4



design basis for the 2-KW Battery is developed mainly in Section 6.0, Parametr: ,:

Evaluation. The detailed design is given in Section 9.0_ 2-KW Battery.

5



2.0 Summar_

Development work was continued on the lonics Dual-Membrane H2/O 2 fuel cell.

A l0 Cell Battery was constructed, tested and delivered on schedule. A

detailed engineering design of a 2-KWBattery was prepared.

The development phase of the study included a materials testing program carried

out both at Ionics and under subcontract by A. D. Little, inc. The materials

testing program, along with the other experimental work led to the selection

of the following materials for fuel cell components:

i. Membranes:

2. Electrodes:

3. Pusher and Collector Plates:

4. Compartment Frames:

5. Elastomers:

6. Spacer Mesh:

lonlcs cation resin 61-AZG

Platinum and Teflon

Niobium

Teflon or Penton

Dacron-backed Viton A and Butyl Rubber

Trilok 6027-1-1 (polypropylene and saran)

The effects of changes in cell configuration, electrode manufacture, membrane

backing and the llke were investigated in Indlv[dual fuel cells. The favorable

variations were further tested in multlple-cell batteries. Extended runs were

achieved in both single-cell and battery test programs under either constant or

variable load. Over lO00 hours were accumulated during the single cell tests.

The construction of the 10-Cell Battery was preceded by the construction and

testing of five 5-Cell Batteries as prescribed in the statement of work of

this contract. All five 5-Cell batteries passed the qualification test of

running for lO0 hours at more than 3.4 volts while at a current density of 24

amps/ft 2. The lO-Cell Battery averaged 7.78 volts at 24 amps/ft 2 during its

qualification run.

The process design of the 2-KWBattery was based on the data obtained from a

study of the effect of operating parameters on the performance of 5-cell

batteries.

Performance at 60°C of a battery containing niobium metallics can be character-

ized by an average voltage of 0.78 volts/cell at 24 amps/ft 2, a specific



conductanceof 360mhos/ft2/cell anda peakpowerdensity of 64watts/ft2/cell.
Variations existed betweencells presumedto be prLmarily dueto oxygenelectrode
variations. With judicious selection of oxygenelectrodes, the averagecell
voltage shouldbe raised to at least 0.8 volts/cell at 24 _mps/ft2

Decreasingtemperaturelowersthe voltage attainable at a given current density
anddecreasesthe specific conductance.Loweringthe temperaturefrom 60°C
to 20°Cdecreasesthe specific conductanceby as muchas 50mhos/ft2 and lowers

the extrapolated zero current voltage by l0 to 20 mv.

Electrolyte normality, gas flow rates andsmall changesin pressure level (5
to 15psig) haveno noticeable effect onbattery electric performance. Gas

pressuredrops canbe kept low, on the order of 25mmH20, without adversely
affecting gasdistribution amongthe cells of a battery.

Electrolyte normality hasa pronouncedeffect on the amountof liquid trans-
ported across the ion-exchangemembranes.At 20°C, the quantities involved
are given by the relations:

Liquid transported acrossH2-sidemembrane= 0.0022Ne_ gms/amp-hr-cell
Liquid transported across02-side membrane= 2.9 Nm-2gms/amp-hr-cell

whereN is the electrolyte normality andN is the "membrane"normality, i.e.,e m
the geometricmeanof the liquid normalities on either side of the oxygen-side
membrane.Increasing the temperaturefrom20°Cto 60°Capproximatelydoubled

these liquid rates.

Theengineeringdetails of mostof the componentsfor the 2-KWBatterydesign
weretaken from the successful componentsdevelopedfor the lO-Cell Battery
to minimize anypossible scale-upproblems.



3.0 Experimental Apparatus & Procedures

3.1 Overall Experimental Program

The experimental aspects of this study can be divided into five categories as

follows:

I. Materials Testing - screening materials to flnd those suitable for

use in Dual-Membrane Fuel Cells, i.e., able to resist 6 N H2SO 4 at

temperatures up to 90°C.

2. Single Cell Testin_ - screening various cell configurations and

components to flnd those permitting long term favorable electrical

performance.

,

,

Parametric Evaluation - determining the effect of operating para-

meters on Fuel Cell performance to permit a rational design of

a 2 KWbattery.

Five-Cell Battery Testin6 - assembling 5-cell batteries of various

components and investigating their performance in lO0-hour runs.

. Ten-Cell Battery Testing - assembling a lO-cell battery, following

its performance during a lO0-hour run and delivering it to the

prime contractor, New Products Research, Thompson Ramo Wooldrldge

Inc.

The experimental apparatus and procedures involved will be dealt with below.

3.2 Materials Testing

Experimentation consisted of immersing suitable duplicate weighed samples in

6 N H2SO 4 and determining weight change after a given tlme at the temperature

of interest. Part of the work was carried out at Ionics, the rest under sub-

contract at A.D. Little, Inc. Further details are given in Section 4.0 of this

part of the report.
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3.3 Single Cell Testing

Testing involved assembling a cell, hooking it up to the required flow streams

and monitoring the voltage produced as it ran at a given current density. Per-

iodic determinations of the voltage-current characteristics of the cell were

made.

Two sizes of dual-membrane fuel cells were used in the course of this program:

"small" cells, with an 8ctive area of 4 in2, and "large" cells with 36 in 2.

_ne 4 in 2 cells were used to screen ...... _ _ere ÷ ÷ _ +_o large _]]s_e_ _ s yes vs ...........

would be unduly expensive, where components of large size were not readily

available or when the flow control systems on the test rig for the large cells

were not acting reliably.

3.3.1 Description of Small Cells

An exploded schematic of a small cell is shown in Figure 3.1. It consists

essentially of a "stack" of components assembled between lucite end blocks.

The stack is held together by means of end frames consisting of metal pipe

flanges and four corner tie bolts.

Gas is fed to the cell by suitable fittings screwed into the end blocks. Be-

tween the end blocks there are three compartments (hydrogen, electrolyte, oxygen)

each consisting of a 0.5 inch thick lucite slab with a 2" x 2" hole cut out of

the middle. The electrolyte compartment is separated from the gas compartments

by ion exchange membranes. Two holes are drilled in the top of the electrolyte

compartment to permit ready filling with electrolyte. A suitable electrode

i_ placed in each gas compartment _nd held tightly against the ion exchange

membrane by a perforated lucite pusher plate. _hese plates are grooved on the

electrode side to give gas ready access to the electrode. A force is spplied

to the back of the pusher plate by meansofa pushing screw turned into the lucite

end block. The membranes are supported on the side away from the electrode by

a piece of expanded metal set into a r_m cut ir_to the lucite electrolyte com-

partment.

The electrodes usually consisted of 2" x 4" strips of platinum gauze, the bottom

half of which (2" x 2") was coated with platinum black catalyst. The uncoated
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end protruded out of the top of the cell and served as an electrical lead for

the load resistor and for the current and voltage measurements. Thin rubber

gaskets were used to eliminate gas or electrolyte leaks from the cell.

3.3.2 Operation of Small Cells

Operation was at ambient pressure and temperature. Feed gases were passed through

bubblers before entering the cell. These bubblers served to help humidify the

gases and also acted as rough flow meters.

Most cells were run steadily either at 16 amps/ft 2 or at 16 ma/cm 2 (14.8 amps/

ft 2) except when polarization curves were obtained. This consisted of measuring

the potential difference between the electrodes at cell current densities of

O, 4, 8, 16, 24, 32, 40, etc. amps/ft 2 (or ma/cm 2) until a steady potential

could no longer be obtained. The specific conductance of the cell (mhos/ft 2)

was calculated from the slope of the polarization curve.

For many cells the measured potential difference between the electrodes was

further broken down by the use of a standard calomel electrode inserted into

the electrolyte compartment. The voltage between the calomel electrode and

the hydrogen elecSrode was reported as the "H 2 Half Cell Voltage" and the

voltage between the calomel and oxygen electrodes as the "02 Half Cell Voltage".

3.3.3 Description of Large Cells

An exploded schematic of a large (36 in 2) cell is shown in Figure 3.2. It

differs from the small 4 in 2 cell (other than in area) primarily by the fact

that electrolyte is continuously pumped through the electrolyte compartment.

Other differences become apparent in the description below.

The end plates of 3/8" stainless steel combine some of the functions of end

block and end frame. These end plates hold the 1/4" swagelock tubing fittings

carrying gases and electrolyte in and out of the cell. In addition, they dis-

tribute the compressive forces generated by the twelve edge-located tie bolts

over the entire gasket area. Manifold headers were used to lead the gases and

electrolyte in and out of the appropriate compartments. The gas and electrolyte

II
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Figure 3.2 Schematic of 36 Sq. In. Dual-Membrane Cell
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compartments were made of various plastic materials ranging from 40 to 125 mils

thickness. The electrodes consisted of platinum black catalyst on platinum

screen. Metallic "pusher plates" pressed the electrodes against the ion-exchange

membranes which formed the walls of the electrolyte compartment. These pusher

plates were stamped out of flat stock. Numerous tabs were slotted out of the

material and formed into springy "fingers" protruding on one side of the stock.

The remaining flat side was placed against the electrode and the "fingers"

came in contact wlth a flat metallic "collector plate". Current could thus

flow _^_ _o olo_÷_a_ +_ ....gh +_ ...._o_ _o+o ÷" the collector pla+o _o

collector plates had a small tab protruding from the side of the cell to serve

as electrical lead for the load current and for voltage and current measure-

ments. The collector plates were insulated from the steel end plates by rubber

insulators. A sprlngly woven plastic filler matezial was placed In the electro-

lyte compartment between the membranes to serve as a membrane support. The gas

compartments were slightly larger in internal dimensions than the electrolyte

compartment. This was to prevent the sharp edge of the pusher plate from

shearing through the membrane. Thin rubber gaskets were used to prevent leak-

age from the cell.

P_'essure gages were provided in the gas and electrolyte lines leading to the

cell. A pressure sensitive relay monitored the electrolyte feed pressure. If

this pressure moved outside a set range (presumably indicative of a ruptured

membrane or external electrolyte line failure), the relay activated solenoids

which cut off the gas feed to the cell.

For operation at other than ambient temperature, the cell was immersed in a

suitably temperature controlled water bath up to the collector plate tabs which

provided the electrical load leads.

3.3.4 Operation of Large Cells

After assembly of a cell, suitable connections to the gas and electrolyte inlet

and outlet lines were made. Electrolyte was th_n pumped through the electrolyte

compartment entering from the bottom and leaving out of the top. The electro-

lyte gradually swept out trapped gas bubbles from the electrolyte compartment.

After about 20 minutes, gases were admitted to the cell. Pressure level in

13



the cell gascompartmentswasadjustedby controlling the gassupply pres_.re
andrestricting the outlet flow by meansof a constriction in the outlet line.

Thesingle large cells werenormally run at 16amps/ft2 exceptwhena polar-
ization curvewasobtained. For someof the large cells "half cell potentials"
weremeasuredas described in Section 3.3.3 for the small cells. Howeverthe
calomelelectrodewasimmersedin the electrolyte streamleaving the cell
rather than in the electrolyte compartmentitself.

3.4 Parametric Evaluation

Most of the data used to determine the effect of operating variables on fuel

cell performance were obtained In a multiple-cell battery. This was done for

three major reasons:

1. The larger flow rates associated wlth multlple-cell batteries

could be more accurately determined. This was especially true

for such dependent variables as the liquid accumulation rate in

the gas streams leaving the battery.

2. Multiple-cell batteries performed better than the single cells.

It is felt that thls resulted from better electrode-membrane

contact due to the greater elasticity or "give" of e stack of

five or more cells each_ith two "springy" pusher plates and with

a woven plastic mesh spacer.

3. _nd effects could be eliminated by obtaining electrical performance

data only from the central cells of the battery.

The mu_tlple-cell battery used was assembled out of components paralleling

those used during tile s_ngle-cell tests. The collector plates, here, performed

the additional function of separating the hydrogen compartment of one cell from

the oxygen compartment of the next cell.

Gas and electrolyte flow rates to t1_ battery were measured by calibrated rota-

meters. The electrolyte feed was brought to temperature by passing it through

a lon_ coil immersed in the same water bath as the battery. The temperature

14



of the electrolyte entering andleaving the battery wasmeasuredfor someruns.
Thenormality of the circulating electrolyte wasfollowed. Theincominggas

streamswerehumidified in bubblers (containing 3 NH2SO4) whichwerealso kept
in the samebath as the battery itself. Thegasstreamsleaving the battery
werepassedthrough collector bottles also maintainedat the bath temperature.
Theamountof liquid collected over finite stretches of time wasnoted and the

samplesobtainedweretitrated to determinethe H2SO4 normality. Runswere
madeat various current densities (0 to 80amps/ft2). Theeffect of gasand
e1_+_7 _ flow rates _÷ various _I _._lyt_ co__ _s (_pp_x_m_e_1 y

to 9 N) and 20°C and 60°C was deduced from runs made on other multiple cell

batteries. All carefully controlled data were obtained at close to 5 psig.

3.5 Multiple Cell Batteries

All the 5 and lO-cell batteries were assembled out of components identical to

those used for the large (36 in 2) single cells. The gas and electrolyte flow

streams were metered. Except for the initial 5-cell battery runs, the gas feed

streams were humidified. Operation was at 30°C or 60°C (bath temperature) and

close to 5 psig. In addition to the pressure level, the hydrogen, oxygen and

electrolyte pressure differentials across the battery were measured. A steady

current of 6 amps (corresponding to 24 amps/ft 2) was drawn over the extent of

most of the runs. Some polarization curves were obtained. Gas leak tests were

made by immersing the entire battery below the bath water level and noting any

bubbles that escaped.

15



4.0 Materials Testln 6

4. i Introduction

The objective of this investigation was to determine what materials cculd be

used _atisfactorily in the Ionics' Dual Membrane Fuel Cell, i.e., have the

ab_l_.ty to withstand attack by sulfuric acid in concentrations around 6 N at

temperatures up to 95°C.

4.2 Experimental Procedure and Results

Five types of materials are needed:

1. An ionic conduc+or, presumably metallic, for collector and

pusher plates. This must alsowithstand galvanic corrosion

in intimate contact with platinum;

2. % cationic ion-exchange membrane;

3. in elastomer for gaskets, grommets and insulators;

4. A fairly rigid machineable plastic for compartments; and

5. A mesh material, presumably plastic, for maintaining pressure

on membranes.

Part of the materials testing was carried out at Ionics and part was performed

under subcontract at Arthur D. Little Inc. (ADL). Materials at Ionics were

tested at 30°C, 60°C and 95°C. These materials are described in Table 4.1.

Duplicate samples were weighed before immersion in individual specimen bottles

containing 6 N sulfuric acid. After a period of time at tempe1"ature: usually

550 hours, the samples were weighed and visual obcervationb note_. The weight

changes are averages of two measured values.

The results of the t_sts are tabulated _,LT_b?es 4.2 (30°C), 4.3 (60°C) and

4.4 (95cc).

16



TALE 4.1

Haterials Tested at Ionics and ADL

Haterial Composition Appearance

Heta|llc HaterJals

Titanium-HS7-/40

Platinized titanium

Monel Alloy 400

Gold plated titanium
{200 micro inches)

Gold plated titanium
(300 micro inches)

Gold plated titanium
(400 micro inches)

Gold plated titanium
(500-600 micro inches)

commercial titanium
gray rectangular sheet;
I0 ml thickness

dark gray rectanguiar sheet;
I0 ml thickness

gray rectangular sheet;
10 ml thickness

gold rectangular sheet;
I0 ml thickness

gold rectangular sheet;
10 ml thickness

gold rectangular sheet;
10 ml thickness

gold rectangular sheet;
i0 ml thickness

Non-metallic Materials

ION EXCHANGE HEHBRANE

Ioni_ 61-AZG

GASKETING

Bun_-N on Nylon

COMPARTHENT

Epoxy fiberglass

Teflon

Halon TVS 300

KeI-F

sulfonated polystyrene

butadiene and acrylonitrite
copolymer

fluorocarbon polymer

fluorohalocerbon polymer

copolymer Of chlorotrifluoro-
ethylene and vinylidene
fluoride

tan rectangle

black rectangle
6 mil thick

green rectangle; 60 ml thick

white rectangle

white rectangle

white rectangle

17



TABLE4.1(Cont'd)

Hateria|s Tested at Ionics and ADL

Materia| Composition Appearance

Non-metallic Hateria|s (Contld)

SPACER MESH

Tri'lok 6001-1-1

Tr!lok 6027-i-I

64% saran and 36% polyethylene

73% polypropylene and

27% polyethylene

black woven square

black woven square

by thermal decomposition of chloroplatinic acid

_by American Electroplating Co., Cambridge, Ha_s.

The work at ADL _as all performed at 95°C. Twelve different metals or alloys

were tested. The composition of the alloys is given in Table 4.5. Since the

metals were to be in contact with metallic platinum, the effect of galvanic

currents which may be set up by the two metals had to be examined. Consequently

most of the samples were tested _th and without a piece of platinum wire wrapped

around the specimen. Data on the corrosion of metals and alloys are tabulated

in Table 4.6. The symbol "+ Pt" after the material indicates tests done with

platlnum_ire in contact with the specimen.

The non-metallic materials investigated are tabulated in Table 4.7. These

include four membranes, five elastomers_ fifteen plastics for compartments

and one spacer mesh. The results of the immersion tests on these materials

are given in Table 4.8.
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TABLE 4.2

Behavior of Materials in 6_.N H2SO4 at 30°C

Test Percentage

Material Duration Weight Observations
Hours Less

Titanium 550 -40.0 surface badly attacked

Platinized titanium 550 - 0.4 no change

lonics 6I-AZG Membrane 550 - 3.0 no change

Buna-N on nylon 550 -]2.1 specimen slightly warped

Epoxy fiberglass 550 0.0 slight whitening
Teflon 550 - 0.8 no change

Trilok 600]-l-I 550 - 0.2 no change

TABLE 4.3

Behavior of Materials in 6 _ H2SO4 at 60°C

Test Percentage
Material Duration Weiqht Observations

Hours Less or Gain

Titanium

Platinized titanium

Gold plated titanium

(200 micro inches)

Gold plated titanium
(400 micro inches)

Monel alloy 400

Ionics 61-AZG Membrane

Buna-N on nylon

Epoxy fiberglass
Teflon

Halon TVS 300

KeI-F

Trilok 6001-I-I

550 -lO0 specimen disintegrated

550 - II.O platinum coating loosened

140 -100 titanium completely dissolved

650 2.1 no change

530 1.5 surface became copper colored

550 - 12.7 turned reddish brown

solution yellowish;
550 5.5 specimen warped

550 + 8.4 no change

550 0.8 no change

580 0.0 no change

580 0.0 no change

550 " 0.3 loss of springiness
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TABLE 4.4

Behavior of Materials in 6.N.N H2S04 at 95°C

Material
Test Percentage

Duration Weiqht
Hours Less or Gain

Observat ions

Gold plated titanium
(400 micro inches)

Go.ld plated titanium

(500-.600 micro inches)

Monel Alloy 4OC

lonics 61-AZG Membrane

Buna-N on nylon

Epoxy fiberglass

Teflon

Halon TVS 300

Kel-F

50 -lO0

410 -I00

550 - 3.0

580 + 2.0

530 + 20.6

580 + 15.0

450 - 0.7

580 0.0

580 + 6.5

titanium completely dissolved

titanium completely dissolved

blackening of surface

surface became dark brown

loss of elasticity
specimen became easy to tear

whitening of surface
material became brittle

no change
no change
nochange

Trilok 6027-I-I 580 + 6.5 no change

TABLE 4.5

Nominal Composition of Alloys

Alloy Composition

N_._i F_ee A1 C___u M._aa Cr C Moo Other

1.5 7 91.5

I0 1.25 88.4 0.4

30 0.5 68.9 0.6

67 1.5 30 I

29 46 3 ! 20 I

62 6

0.25

Ampco #8

Ampco #755

Ampco #702

Monel

Carpenter-20

Hastelloy B-I

Ti (MST-40)

T i (0.2% Pd)

32

commercial Ti

0.2% Pd alloy
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TABLE 4.6

Corrosion of Metals and Alloys in 6_N H2SO4 at 95°C

Material

Approximate
Electrical

Thickness Resistivity Test

Specific of Sheet microhm-cm Duration

Gravity mils room temp. Hours

Corrosion
Rate

mils/year

Ta 16.6 32 15.5 350

Ta + Pt 350

Nb 8.4 40 mil wire 20 350

Nb + Pt 350

Zr 6._ 30 41 350

Zr + Pt 350

Ampco #8 7.78 123 I0 137

Ampco #8 + PI 137

Ampco #755 8.50 45 137

Ampco #755 + Pt 137

Ampco #702 8.40 48 37 137

Ampco #702 + Pt 137

Monel CG-S 8.90 60 48 98

Monel CG-S + Pt 98

Carpenter 20-3 8.00 57 130 306

Carpenter 20-3 + Pt 306

Hastelloy B-1 9.24 190 135 297

Hastelloy B-I + Pt 297

Cu 8.94 5 2 22

Ti (MST-40) 12 3 24

TI (.27% Pd) 3 24

0

0

5.0

5.4

I. 26

I .28

9.6

18

43

38

47

51

67

58

21

22

9

12

55

>I000

>I000
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TABLE 4. 7

Description of Non-Metallic Materials

Material Composition Color & Shape

Ion-Exchanqe Membranes

Ionics, 6i-AZG
AMF, C-313

AMF, C-60

Gelman Acropor

G@sketinq

Red Silicone

Gray Silicone
Buna-N

Butyl Rubber
Viton-A

Compartment Frame

Teflon

Kel-F

Penton

Halon TVS

Epoxy Fiberglass

Polyster Fiberglass

ADM Aropol 7250

DAP

Hetron.92

Buton

Laminac 4173

Stypol 2012

Nypol 4050

Atlac 382

Laminac W/G/255

Spacer Mesh

Trilok 6001-l-I

sulfonated polystyrene

sulfonated po!lystyrene

sulfonated polystyrene

PVC acrylonitrile

silicone rubber

silicone rubber

butadiene & acrylonitrile
copolymer

butyl rubber

fluorinated hydrocarbon

fluorocarbon resin

copolymer of chl0rotrifluoro-

ethylene and vinylidene fluoride

chlorinated polyether
fluorohalocarbon resin

epoxy fiberglass

isophthalic polyester

chemically resistant polyester

Dapon-35 in diallyphthalate
monomer

polyester

hydrocarbon resin

chemically resistant polyester

flexible polyester resin

acrylic modified chemically

resistant polyester

chemically resistant polyester

laminac with glass reinforcement

36% polyethylene & 64% saran mesh

tan rectangle
clear, Feet, sheet

brown, rect. sheet

white, rect. sheet

red, rect. sheet

gray, rect. sheet
black, rect. sheet

black, tri. sheet

black, rect. sheet

white, rectangle
clear, rect. sheet

green, square
white, rectangle

green, rectangles:
100-125 mi thick

green, rectargles:
I00-125 mi thick

yellow, rectangles:
I00-125 mi thick

tan, rectangles:
100-125 mi thick

yellow, rectangles:
I00-125 mi thick

clear, rectangles:
I00-125 mi thick

-yellow,

I00-125

yellow,
I00-125

yel,low,
I00-125

yellow,

rectangles:
mi thick

rectangles:
mi thick

rectangles:
mil thick'

rectangles:
100-]25 mil thick

gray, rectangles:
I00-125 mil thick

black, square
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TABLE 4.8

Behavior of Non-Metallic Materials in 6 _N H2SO,._at 95°C

Materials

Test Percent

Duration Weight
Hours Loss or Gain

Observations

Ion Exchanqe Membranes

;onics, 61-AZG 308 -i5.2

AMF, C-313 353 2.35

AMF, C-60 353 17.4

Gelman Acropor 48 --

Gasket[nq

Red Silicone

Gray Silicone
Buna-N

Butyl Rubber
V iton-A

Comportment Frame

Teflon

Kel-F

Penton

Halon TVS

Epoxy Fiberglass

Polyester Fiberglass

ADM Aropol 7250
DAP

Hetron 92
Buton

Laminac 4173

Stypol 2012

Nypol 4050

' Atlac 382

Laminac W/G/255

Spacer Mesh

Trilok 600I-l-I

2Bl -19.0

611 -11.65

ll4 18.9

285 0.07

285 1.73

611

611

447
308
611

611

47

47

47

47

47

47

47

47

471

611

0.0

0.53
- 0.37

0.03

37.2
22.3

o.17
- 1.34

0.28

O. 94

0.32
-35.5
- 0.88

0.74

0.0

- 2.70

no change

slight darkening, shriveled
extreme darkening
fell apart

cracked, disintegrated

flaky

disintegrated

slight disintegration

no change

no change
curled

no change

no change
extreme darkening, brittle

yellow, brittle, swollen
no change
charred

very slight darkening

considerable darkening

slight darkening
darkened, cracked, brittle

no change

no change
considerable darkening

no change
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4.3 Conclusions

At least on% and sometimes more than one, material was found for each of the

fuel cell requirements. The materials which are satisfactory from the point of

resistance to 6N sulfuric acid at temperatures up to 95°C are:

1. Metallic - Tantalum, zirconium, niobium (in that order)

2. Membrane - Ionics 61-AZG

3. Elastomer - Viton-A and bytyl rubber

4. Compartment Plastic - Teflon, Kel-F, Penton, Halon TVS-500_

ADM Aropol-7250, Hetron 92, Hypol 4050 and Atlac 382.

5. Spacer Mesh - Trilok 6027-1-1.

No difficulties are therefore expected in meeting the materials requirements

of the Dual Membrane Fuel Cell design.
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5.0 Single Cell Tests

More than 50 single H2/O 2 cells were assembled _ud tested during this phase of

the work. As detailed in Section 3.0 of this report, testing consisted primarily

of running a cell at a steady current density and periodically determining the

cell current-voltage relation ("polarization curve"). The variation primarily

investigated were:

1. Effect of electrode variations

2. Effect of membrane variations

Some cells were used to check a specific point; the origin of liquid in the

gas compartments.

5.1 Electrode Manufacturing Tec_n_i_ue

5.1.1 Introduction

The most critical components in the fuel cell are the electrodes. Considerable

effort was expended on screening different types of electrodes and on varying

parameters in the method of manufacturing the electrodes.

The problem of making a good electrode is a complex one. There must be an

active catalys% presumably but not necessarily platinum, spread out evenly

over the electrode surface. This catalyst must adhere strongly to the electrode

to prevent its being washed off by the flow of fluids through the gas chamber.

If this is accomplished by an adhesive, the adhesive must not cover the active

_ites to the extent that the reaction rate is impeded. The catalyst must be

in contact with the electrolyte which may or may not mean intimate contact

with the ion-exchange membrane. The electrode and catalyst layer must be

s_fficiertly porous to allow easy approach of the reactant gases to the reaction

sites. Finally the electrode must be a good electronic conductor to make the

internal resistance of the c_e!l as small as possible.

These desirable properties are not al_ays compatible. Good adhesion usually

precludes porosity. Three-phase coutact is difficult to obtain in a relatively

static system. Porosity implies stagnant layers and stagnant layers lead to
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slow diffusion-controlled processes. Active catalysts frequently do not have
long lives. Theresult is that the electrode is a bundleof compromises.

Mostof the electrode screeningtests werecarried cut in small 4 sq. inch cells
rather than in large 36 squareinch cells. This wasdonepartly for reasons
of economyandpartly becausethe control systemsfor the large-cell test racks
functionederratically at the start of this work.

Theelectrode screeningtests fall into three categories:

1. Comparisonof "paste" and"sintered" electrodes
2. Evaluation of the manufacture of sintered electrodes

3. Evaluation of electrodes made by radically different techniques

5.1.2 Comparison of Paste and Sintered Electrodes

At the beginning of the program, the conventional electrode was the Ionics

"paste" electrode. This was manufactured as follows:

For a 4 inch 2 electrode mix one gram of platinum black* with enough

distilled or deionized water to make a thick paste. Other size

electrodes, pro rata. Spread the material evenly on 90% platinum -

10% rhodium screen, 80 mesh, 3 mil wire. Dry the electrode for

five (5) minutes in a ll0°C oven. Spray both sides of the electrode

with _eflon dispersion. Place the electrode in a hydraulic press

and subject it to 500 psi for one minute. When assembling the cell,

place the side of the electrode on which the platinum was spread

against the membrane.

J. Bishop & Company, Malvern, Pennsylvania; supplier

Oil - Es-Oil, supplied by American Durafilm Company, Newton Lower Falls,

Massachusetts °
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During the first monthof the contract, the paste electrode wascomparedto the
Ionics "sintered" teflon electrode. Therecipe for this is:

For a 4 inch2 electrode mix two gramsof platinumblack*with 0.14 grams
teflon dispersion and0.2 gramsreagentgrademagnesiumoxide.
Adddistilled or deionlzedwater to makespreadablepaste. Spread
mixture onplatinum gauzeasbefore. Dry electrode andplace between
sheetsof aluminamfoil dustedwithmagnesiumoxide. Place in press
at 4000psi and600°Ffor 5 minutes. Leachmagnesiumoxide from
electrode in boiling 6 N sulfuric acid for 15minutes. Rinse in water
anddry. Again, place the coatedside of the gauzeagainst the mem-
brane.

Thefirst comparisonbetweenpaste andsintered electrodes, reported
in the first MonthlyReport, showeda slntered electrode considerably
better than a paste electrode (0.79 vs 0.68 volts at 16 amps/ft2).
This comparisonwasmadein 4 inch2 cells run at ambient(25°C)temp-
erature.

Several large (36 in 2) cells were assembled to permit comparison

of these two types of electrodes at two different temperatures.

These cells were selected because, other than electrodes, they were

similar in construction and the runs lasted long enough (5 to 40 days)

to be significant.

Platinized titanium metallics and 61-AZG membranes were used and the gas and

electrolyte pressure were 15 and 20 psig respectively. The results obtained

at 30°C are shown in Figure 5.1. The cell with the paste electrode gave

slightly more erratic results but no significant difference between the two

types can be seen.

Figure 5.2 shows the results obtained at 60°C. Both cells declined markedly

in performance with time. It is not known whether this was due to actual

Teflon Dispersion _852-201, American Durafilm Company

Baker & Adamson Lot V331 used during this contract
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deterioration of the cells or Just gradual cell floadlng. No adequate provisions

had been made at that time to assure liquid removal from the gas slde of the

cells. The slntered electrode cell was about 60-100 mv. better at 16 amps/ft 2

than the paste electrode cell.

Based solely on electrical performance, the slntered electrode had at best a

slim edge. Physically, however, the sintered electrodes were much more resistant

to handling. The platinum black was bound far more tightly to the supporting

screen. They should thus have higher resistance to shock and vibration. The

sintered electrodes were therefore the preferred ones - prlmarllybecause of

their greater inherent toughness.

5.1.3 Manufacturing Variations for Slntered Electrodes

The variation studied involved:

1. Use of Kel-F in lleu of teflon

2. Varying amounts of teflon

3. Use of no MgO or light-weight Mg0 in lieu of standard Mg0

5.1.3.1 Kel-F Vs. Teflon

The _se of Kel-F instead of teflon as a wet-prooflng agent was investigated in

both small and large cells. This change would cause a considerable simplifi-

cation in manufacturing since Kel-F slnters at a lower temperature (475°F) and

pressure C700 psig) than teflon (600°F and 4000 pslg). Tests run in the 4

square inch cells included one in which the MgO was left out of the electrode

formulation. (See Table 5.i)

Both cells with Kel-F electrodes were poorer than the Teflon cell. The unusual

feature of these data was that the Kel-F electrodes with MgO performed notably

poorer than those _-Ithout. There has been no satisfactory explanation for this.

At the time when comparison runs were being made in the large single cells,

operation of these cells _as generally not very stable. Consequently a really

clean-cut comparison between the two types of electrodes could not be made.

However, the three runs tabulated below were among the more steady. The con-

clusions drawn from these runs agree, in general, with the results of the small
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C_ll
No.

Table 5.1

Comparison of KeI-F and Teflon Sintered Electrodes

D9708

E1308

EI312

(4 Sq. In. Electrodes)

Electrode Contents, Gms

KeI-F Teflon

Dispersion Dispersion MgO

O .28

O .28

0.26 0.4

0.4

Cell

Volts @ .
16 Amps/Ft z

O .71

0.63

J 54

Performance

l SpecificConductance
Mhos/Ft

135

lL_5

A7

_* The polarization curves from which these data were taken appear

in Figure 5.3.
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cell tests above. (See Table 5.2)

The 60°C Kel-F cell, E1279, performed poorly. Only for a brief period did it

produce a voltage over 0.7 volts at 16 amps/ft 2, and the specific conductance

averaged about 75 mhos/ft 2. For the first 48 hours the 30°C Kel-F cell, E1292,

performed better than the 30°C teflon cell, D9723. However, the balance of its

performance was poorer. Consequently the teflon cell which maintained a voltage

over 0.7 volts for much longer than lO0 hours was the more desirable.

5. I. 3.2 Varying Amount of Teflon

The standard sintered electrodes were made up with 0.26 grams teflon dispersion

per 4 square inches electrode. Cells were run where the amount of teflon dis-

persion was varied from 0.13 grams to 2.00 grams per 4 square inches electrode.

A reference electrode was placed in the electrolyte chamber of the cell to

permit the determination of the specific conductance of each half of the cell

as well as of the cell itself. (See Table 5.3)

Varying the amount of teflon from 0.13 to 1.06 grams dispersion per 4 square

inches electrode has relatively little effect on cell performance. The cells

containing 0.13 and 0.26 grams dispersion/electrode had somewhat higher speci-

fic conductances than those with more teflon. This trend was emphasized by

Cell E1320 containing 2.00 grams dispersion/electrode which showed poor output

voltage as well as low specific conductance. It is likely that the great

quantity of teflon in the electrodes of this cell completely enveloped some of

the catalyst platinum black.

The conclusion can be drawn that the quantity of teflon dispersion used is not

critical as long as there is enough to give good adhesion of the catalyst to

the electrode screen and not so much as to envelope the catalyst completely.

A range of 0.1 to 1.0 grams/4 square inches appears acceptable with 0.26 grams/

4 square inches the preferred value.

5.1.3.3 Varying MgO Content

The MgO was present in the formulation so that its removal by leaching after

sintering would leave a more porous structure. To find out whether this
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Cell
No.

EI279

Compar

Type of Bath
Electrode Temp.

Sin_ered 60°C
KeI-F

Table 5.2

ison of Kel-F and Teflon Electrodes in Large Cells

Pressure

Gas Electrolyte

16 psig 16 psi9

EI292 Sintered 30°C 16 psig 16 psig
KeI-F

D9723 Sintered 30°C 15 psig 20 psl 9
Teflon

lime
of

Run
(Hours)

4

24

48

66

87

4

24

48

72

I0

34

41

84

108

252

396

Vo! tage

16 Amps/

0.548

0.602

0.602

0.712

0.570

0.762

O.780

0.702

0.598

0.638

0°762

0.71

q.712

0,768

0.756

0.718

0.723

Spec. C_nd.
Ft 2 Hhos/Ft =

84

105

84

70

42

121

160

125

52

65

I00

114

110

99

* 2.3 gms of KeI-F for 42 in 2. Pressed at 720 psi and 475°F.



Table 5.3

Effect of Varying Amount of Teflon

Cell
No.

EI313

D9708

E1314

EI315

E13_O

Gms Teflon
Dispersion

0.13

0.26

0.52

I.06

2.00

Cel

Voi rage

@ 16 Amps/F_.2

0.68

0.71

0.65

0 °70

0.39

I Performance

Specific Conductance,

Total Cell

135

135

I00

125

64

02 Side

200

200

180

200

I00

MhoslFt 2 __

H2 Side

4OO

4OO

230

320

145

Polarization curves for these runs appear in Ficures 5.4 & 5°5.
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artificially induced porosity actually helped electrode performance, some cells

were made up using electrodes that had been m_ee without MgO. In addition, a

cell was made up using electrodes manufactured by the Clevlte Corporation using

a special "llght-welght" fluffy MgO and a slnterlng pressure of lO,O00 psl In-

stead of the usual 4,000 psi. (See Table 5.4)

The cell whose electrodes had been made up using standard MgO showed somewhat

better performance than the cell whose electrodes had been made without MgO.

The poor performance of the cell using llght-welght MgO was very possibly due

to the higher slnterlng pressure used. The effect of using more Mg0 than 0.4

gm/4 sq. in. was not investigated during this study.

5.1.4 Radlcall_ Different Techniques

The slntered and past electrodes investigated represent only a small part of

the spectrum of solutions to the electrode problem. Several studies and

screening tests were made of different approaches.

Four approaches were considered by Arthur D. Little and four were tested at

Ionlcs.

5.1.4.1 Imprinted Electrodes (ADL)

It appeared first that a technique of imprinting the membrane with Pt black

would improve the catalyst-membrane contact as experiments of this type had

been performed by Gregor_l),'' (2) with some success. Series lO0 AMF membranes

had been subjected to 60,000 psi and ll5°C to imbed Pt black and had performed

well in single membrane cells with no free electrolyte. However, further ex-

periments reported by Perry _3) in which imprinted cation membranes were used

in a dual membrane alkaline cell gave polarization curves no hi@hel _ than those

reported by Lurle et al (4) for similar cells wlth unlmprlnted Ionics membranes.

Attempts to imprint both Ionlcs and AMF membranes at lower temperatures (to

prevent membrane drying) had proved unsuccessful and were discontinued in the

light of Perry's report.

_7



Table 5.4

Effect of Varying MgO Content

Cell
No.

D9708

E1318

E1324

MgO Content

2
Type Gms/4 in

Std. 0.4

None 0.0

Lt.Wt. 0.4

Sintering
Pressure

psi

4,000

4,000

lO,O00

Cell Performance

@ 16 amps/ft 2

0.71

0.67

0.40

Specific
Conductance

Mhos/ft 2

135

If5

lO0

Polarization curves for these runs appear in Figure 5.6
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5.1.4.2 Deposited Electrodes (ADL)

Chemical reduction of platinum compounds to metal in and on the membrane was

attempted in an effort to put more active catalyst in intimate contact with

the membrane. The soluble Pt (NH3) C12 complex was prepared by treating a

chloroplatinic acid solution with excess ammonia and the membrane surface washed

with this solution. The membrane was then flushed with a basic solution of

sodium borohydride, reducing the complex to finely-divlded platinum and various

soluble salts. While a darkening of the membrane was observed which could be

attributed to the presence of platinum, it was not possible to build up any

appreciable concentration at the surface of the membrane, the only area in

which it would be accessible to gaseous H2 and so useful as a catalyst.

An attempt was also made to use this impregnated membrane as a cathode and

deposit upon it electrochemically Pt black from standard platinizing solutions.

This also proved unsatisfactory as no significant current density could be

obtained, showing that even with reduced platinum present, the surface of the

membrane was still not the electronic conductor required for this technique.

5.1.4.3 Pure Platinum Electrodes !ADL and lonics)

The presence of teflon in the Pt paste seemed a possible source of trouble as

it placed an electrically insulating material in the electrode-catalyst region.

Taschek and Wynn t5) report that it may introduce as much as 70 mv additional

t _

polarization when used as wet-proofing material in place of the more common

but less durable paraffin. A fuel cell was prepared in which a thin layer of

pure Pt black was sandwiched between membranes and electrodes, the electrodes

having been well coated with Pt black electrochemically. Sintered teflon-free

platinum electrodes were also prepared by Mort Metallurgical Corp., Hartford,

Connecticut. Conditions of manufacture were proprietary. The electrodes were

tested in Cell E1332 at Ionics. (See Table 5.5)

The performance of the Mott cell was very poor, presumably due to sintering of

any constituent platinumblack. The performance of the ADL cell without any

wet-proofing agent whatever was only 50 mv better at 16 amps/ft 2 than that of

a cell with standard sintered teflon electrodes. The presence of the teflon

thus does not account for very much of the 520 mv. difference between the

4O



Table 5.5

Performance of Pure Platinum Electrodes

Cell
Number

PAD_-2

E1332

ADL-I

i

Cell Performance
Electrode

D_scription

Pure Pt. Black (ADL)

Pure Sintered Pt. (MOTT)

Std. Sintered Teflon (IONICS)

@ 16 amps/ft 2

0.75

0.44

0.71

Specific
Conductance

Rhos/ft 2

95

95

135

Polarization curves for these runs appeal" in Figure 5.7
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thermodynamically possible 1.23 volts and the 0.71 volts obtained. A better

catalyst is needed.

5.1.4.4 Platinized Carbon Electrodes(ADL)

As one step toward investigation of the catalysis problem, a pair of platinized

carbon electrodes were prepared according to the method of Taschek and W_u_n (5)

Two 2" x 2" x 3/32" pieces of PC 57 manufactured by the Staekpole Carbon Company

were chosen. This material has a porosity of 1.07 cc/g and surface area of

about 300 M2/g. Pores range from 3 to 7 microns in diameter. These blocks

were wet-proofed by soaking in a solution of 2 grams paraffin in 100 ml petroleum

ether, dried, and heated to 200°C for two hours. While still hot, they were

painted with a 10% solution of H2PtC14, using enough solution for a coverage

of 2 mg Pt/cm 2. They were then dried in an oven at lO0°C for several hours

and transferred to a vacuum oven at 150°C for five more hours to decompose the

platinum compound.

The prepared carbon was put into the cell with the treated surface against the

membrane and electrical contact was made by platinum gauze pressed against the

back of the carbon. Resistance of the assembled cell was 0.4 ohm, measured

with a Kiethley Model 502 Multiohmeter. The cell produced a voltage of only

0.30 volts at 16 amps/ft 2 compared to the 0.71 volts of the standard sintered

electrode. These platinized carbon electrodes were evidently not the answer

to the catalysis problem.

5.1.4.5 Bibliography for ADL Electrode Study

1. H. P. Gregor, "Fuel Cell Materials", Fifth Quarterly Progress Report,

Contract No. DA-36-039 SC-85384.

2. H. P. Gregor, "Fuel Cell Materials"j Final Report, Contract No. DA-36-

039 SC-85384.

3. J. Perry, Jr., Proceedings 16thAnnual Power Sources Conf. (1962).

4. R. M. Lurie, C. Berger and R. J. Schuman, "Fuel Cells", Vol. ii, Reinhold,

p. 143 (1963).
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5. W.G. TaschekandJ. E. Wynn,Proceedings16th AnnualPowerSourcesConf.
(1962).

5.1.4.6 Pt Black Sprayed on Gauze

Cell E0223 - The electrodes were made by spraying a mixture of 5 grams platinum

black and lO ml of 1% polyethylene solution in benzene on platinum gauze. Since

the mixture is not a stable suspension, the proportion of platinum to polyethylene

is not necessarily the same as in the original mixture. An average of 0.29 grams

of material was deposited on each 2 inch by 4 inch gauze. The performance of

these electrodes and of those detailed in the following three paragraphs are

given in Table 5.6 and Figure 5.8.

5.1.4.7 Pt Black Sprayed on Membranes

Cell E1305 - The same mixture was sprayed on one side on CR-61-AZG membranes.

When the cell was assembled a platinum gauze was pressed into the platinum plus

polyethylene mixture on the membranes. Since the membranes were kept wet no

weight was recorded.

5.1.4.8 Platinized Carbon Sprayed on Gauze

Cell El310 - The electrodes were made by spraying a mixture of 5 grams of 30%

platinized carbon and 30 ml of 1% polyethylene in benzene on platinum gauze.

5.1.4.9 Electro-Platinized Gauze

Cell E1302 - The electrodes were electro-platinized gauze. The plating solution

was 4% aqueous platinlc chloride with 0.04% lead acetate.

The electrodes were plated for 20 minutes at a current density of 0.5 amps/sq.

in.

J. Bishop & Company
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Table 5.6

Performance of Radically I)ifferent Electrodes

Cell
No.

E0223

EI3O5

El310

E1302

D9708

Cell Performance

Electrode
Description

Pt. Black Sprayed on Gauze

Pt. Black Sprayed on Nembrane

Platinized Carbon Sprayed on Gauze

Electro-Platinized Gauze

Std. Sintered Teflon

@ 16 amps/ft 2

0.68

0.63

0.39

0.35

0.71

Specific
Conductance

Mhos/ft 2

95

105

55

135

Polarization curves for these runs appear in Figure 5.8
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None of the radically different electrodes was an improvement on the standard

sintered teflon electrodes. The electrodes in cell E0223 are within the range

of interest and mlght be worth following up.

5.2 Membrane Study

Membranes used in Ion-exchange fuel cells should have a low ionic resistance,

thus permitting the construction of cells with high specific conductances.

The membranes should also be unaffected by their surroundings for long periods

of time and be dimensionally st_ole. Five types of ionlcs cation membranes

were tested:

61-AZG - standard resin

61-DYG - resin variation

61-AZL-4 - standard resin

61-AZL-8 - standard resin

61-AZL-15 - standard resin

802 glass backing

806 glass backing

402 dynel backing

802 dynel backing

1502 dynel backing

The AMF-C-60 and AMF-C-313 membranes were also investigated.

lonics 61-AZG and 61-DYG membranes were compared in the large cells.

cells used sintered Kel-F electrodes.

These

The specific conductance figures which are averages of values measured over

the runs strongly favor the standard resin membranes. The measured voltages

support this judgment. Cell D9749 averaged about 0.5 volts with a maximum of

0.56 volts and Cell D9750 averaged 0.6 volts with a high reading of 0.65 volts.

By contrast the cell with standard 61-AZG membranes, E1292, averaged 0.67 with

a maximum voltage of 0.78 volts. (See Table 5.7)

All other single cell membrane evaluation was performed using 4 sq. in. cells.

At the time when these tests were made, these cells were more stable and repro-

ducible than the larger cells. They also used considerably smaller pieces of

membrane. These tests were performed at Ionics and, as part of a subcontract,

at Arthur D. Little Inc. (ADL). (See Table 5.8)
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Table 5.7

Membrane Study - 36 Square Inch Cells - 30°C

Cell
No.

D9749

D9750

EI292

Membrane

6I-DYG

61-DYG

61-AZC

Cell Specific
Conductance

Mhos/ft 2

4O

68

104

Average Cell Voltage

16 amps/ft 2

0.5

0.6

0.67

Table 5.8

Membrane Study - & Square Inch Cells - 25°C

Cell No.

E0224

ADL-II

Membrane Type

61-AZG

61-AZG

Cell Specific
Conductance

Mhos/Ft 2

116

135

EI3Z5

E!327

E1330

E1326

ADL-13

E!33l

ADL-t2

61 -DYG

61-AZL-4

61-AZL-8

61-AZL-.i5

AMF _C-60

AMF..-C-313

AMF-C,-3I3

80

138

95

80

95

I09

104
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All cells were run at a current of 400 ma (14.8 amps/ft 2) except when polar-

ization curves were taken. Cell conductances were calculated from the slopes

of the polarization curves. Cell containing 61-AZL-4 and 61-AZG membranes

showed the highest specific conductances: 138 and ll6 to 135 mhos/ft 2. Cells

with AMF, 61-AZL-8 and 61-AZL-15 membranes showed 80-109 mhos/ft 2.

The 61-AED and 61-AZL-4 appear the most desirable membranes. The AMF membranes

had previously shown considerably poorer stability than 61-AZG or 61-AZL on

continued exposure to 6 N sulfuric acid at elevated temperatures.

The final evaluation of membranes, the choice between 61-AZG and 61-AZL-4, was

made in the five cell battery tests. Results are given in Section 7.0. The

conclusion from those tests was that the 61-AZG membrane was preferred.

5.3 Other Sin61e Cells

Two cells, E1279 and E1652, were constructed to check on possible mechanical

leakages. These are discussed in Section 6.3.2.1. Additional cells were oc-

casionally assembled for other special purposes. These are all listed in Ap-

pendix Table A1.
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6.0 Parametric Evaluation

6.1 Introduction

The effect of various operating _ariables on battery performance must be known

before a rational 2-EWbattery design can be made. An extended study of a

special 5 cell battery was carried out in order to obtain that part of the

needed information which would not be obtained during the 5-cell battery study

described in Section 7.0. A multi-cell battery was used rather than a single

cell for three major reasons as detailed in Section 3.4. Briefly these reasons

were:

i. Multiple-cell batteries perform better.

2. Liquid accumulation rates could be determined more accurately.

3. End-effects could be eliminated by determining electrical per-

formance data from central cells only.

The battery used had Ionics 61-AZG membranes, penton compartments and tan-

ta!umpusher and collector plates.

6.2 Variables Considered

6.2. i Independent Variables

The independent operating variables and their ranges considered during the

parametric evaluation were:

i. Temperature: 20-60°C

2. Electrolyte Normality: 3 N to 9 N

3. Current density: 0 to 80 amps/ft 9

Other independent variables, such as gas ant_ i!qr±d flow rates_ were not c,n-.

sidered for the following reasons:

l. Gas flow rate: Runs IA, IB and iC cf t_le 5-cell batteries

(Section 7.3.1) show that varying the gas rate over a four-

fold range had no effect on the electrical performance of

5O



the battery as long as the manifoldpressuredrop washigh enough

(morethan 20mmH20)to assureadequategasdistribution. Tests
run on the single cell D9228also showedthat _-idevariations in
gas rate hadno effect on the cell performance.

2. Liquid flow rate: The major effect of varying liquid rate is to

vary the percentage of the dissipated heat carried out of the cell

by the electrolyte. (The rest of the heat is 3ost to the surround-

ings). This effect is best studied as an effect of operating temp-

erature. Liquid rate _-ill affect the mass tr_isfer rate between

the membrane sud the electrolyte. The amouut of material trans-

ferred, however, is sc small relative to the bulk flow of acid

that no "concentration polarization" csn be expected.

, Pressure Level: Doubling the pressure level from 20 psla to 40

psla would double hydrogen and oxygen activities and thus lead

to a very slight increase in the theoretical open-circuit voltage.

It was not felt worthwhile at this time to check whether a com-

parable gain would be obtained at operation current densities_

As the cells are not concentration polarized on the gas side, no

other benefits would be expected.

6.2.2 Dependent Variables

Tb_ dependent variables followed during the parametric evaluation were:

1. Cell voltage. Obtained by measuring and averaging the potential

developed across each of the central three cells.

2. Gas s_de liquid accumulation rate and normality. Obtained by

separating and collecting the ]_quld for definite time periods.

6.3 Test Results

The special battery _:as run for 1500 hours to provide information for para-

mettlc eva]_atlon. Th_ first 475 hours were run at ambient external temper-

ature; the primary concern was to tie down the effect of current density and
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electrolyte normality ongas-slde liquid collection rates. Bath temperature
_as then addedas a varis_le andthe remainingonethousandhours included
periods at bath temperaturesup to 60°C. A log of cell electrical performance
is given in Table6.1.

6.3.1 Effect of Variables on Electrical Performance

6.3.1.1 Effect of ElectrolFte Normality on Cell Voltage

For the first 475 hours the electrolyte to the battery was at ambient temper-

ature and the battery itself was also exposed to the laboratory atmosphere.

The average cell voltages obtained during this period are shown plotted versus

electrolyte normality in Figure 6.1. It can be seen that, within the repeat-

ability of the data, electrolyte normality has no effect on cell voltage. This

is not surprising as the electrical resistance of the electrolyte is very low

and does not vary much with composition in the normality range covered.

6.3.1.2 Effect of Tlme on Cell Voltage

As pointed out in Section 6.3.1.1, electrolyte normality has no noticeable

effect on cell voltage. The remaining independent variables, as far as cell

voltage is concerned, are then temperature, current density, and possibly

bime. Figure 6.2 presents a plot of cell voltage vs, time with current density

and temperature as parameters.

It can be seen that some abrupt changes in cell behavior occurred at around

600 hours and again somewhere between 1250 and 1_50 hours. During the inter-

val between these two abrupt changesj the cell performed consistently better

than either before the first or after the second change. Neither the nature

of, nor the cause for, these two changes is known at present. Two modes of

cell behavior can be delineated: Mode I du_ng 0-600 and 1350-1500 hours;

Mode II during 600-1350 hrs. During each of these periods cell performance

remained reasonably constant. There was thus no noticeable degradation with

time.

6.3.1.3 Effect of Current Densityand Temperature on Cell Performance

As seen in Figure 6.2, within each mode, decreasing current density or increasing
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Table 6. i

Effect of Operating Variables on Electrical Performance

Run
Hours

0

4

2O

24

25

40

68

87

91

95

!11

112

112

113

120

135

199

208

214

230

258

279

285

308

326

332

333

335

Current

Densit_
AmplFt _

24

24

24

24

4O

40

60

60

60

60

80

40

24

24

24

Electrolyte
Temp., °C

In Out

12

12

12

12

12

12

12

24

24

60

60

24

24

19

16

15

16

18

20

20

22

22

20

20

20

20

23

20

_m

m_

18 -"

18 --

17 --

17 --

22 ==

22 --

22 --

21 --

21 --

21 --

21 --

22 --

Electrolyte
Normality

6.00

5.78

5.22

5.25

6.00

5.22

4.20

4.6

4.5

5.0

4.38

4.35

4.32

4.3

4.3

4.0

5.55

5.4

5.25

5°0

8.7

8.0

7.9

8.0

7.5

7.9

7.5

6.l

Average
Voltage
Per Cell

0.798

0.777

0.7/40

0.737

0.674

0.679

0.692

0.619

0.632

0.628

0.623

0.537

0.705

0.775

0.760

0.786

0.855

0.852

0.856

0.838

0.817

0.803

0.812

0.756

0.747

0.651

O.678

0.792
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Table 6.1 (continued)

Effect of Operating Variables on Electrical Performance,

Run

Hours

351

378

401

422

447

454

471

478

503

520

524

534

544

549

552

553

593

596

_L,8

663

688

693

713

741

758

766

783

79O

807
LI

Current

Density
Amp/Ft L

24

24

6O

12

12

24

24

60

60

24

24

24

24

12

12

12

60

6_

24

24

24

24

2_

24

24

24

24

60

24

Electrol te
Temp., _C

I

In

22

23

25

25

25

31

26

45

52

56

59

59

59

60

61

61

57

54

26

21

18

17

17

22

22

57

60

59

59

Out

--I

.I

37

33

.i

6O

6O

60

61

61

61

67

62

31

26

23

24

24

29

29

58

61

63

6O

Electrolyte
Normality

5.5

2.95

3.25

3 .O5

3.00

5.1

5.5

6.3

5.25

5.8

5.65

6.15

5.80

6.35

6.30

6.30

6.35

6.05

7.7

7.1

6.1

5.6

5.1

4.35

4.9

6°8

6.85

6.68

6.65

Average
Voltage
Per Cell

0.787

0.762

0.631

0.816

0.798

0.762

0.77O

0.7O7

O.633

0.782

0.839

0.818

0.785

0.835

0.820

0.862

0.703

0.693

0.843

0.822

0.812

0.811

0.811

0.822

0.808

O.857

O.846

0.746

0.829
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Table 6.1 (continued)

Effect of Operating Variables on Electrical Performance

Current

Run Density
Hours Amp/Ft L

809 12

816 12

832 12

834 12

859 12

903 12

909 12

928 12

988 12

999 12

1006 12

1246 24

1246 40

1465 24

1486 24

Electrolyte
Temp., °C

In Out

59 59

59 59

59 59

59 59

59 59

32 32

58 58

61 61

58 58

36 36

60 60

43 45

43 46

20 21

20 21

Electrolyte
Normality

6.35

6.30

4.05

7.88

6.11

7.05

7.18

7.65

3.35

3.35

.mm_

Average
Voltage
Per Cell

0.880

0,868

0.868

0.854

0.888

0.860

0.890

0.882

0.880

0.856

0.878

0.837

0.803

0.762

0,770
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temperature increases the cell voltage. The direction of these effects is as

expected. In order to focus on the quantitative aspects involved, the points

corresponding to a given current density were averaged for each mode of opera-

tion.

In light of the scatter of the data_ temperature was treated as only a two-

level variable. The results are given in Table 6.2 and plotted in Figures

6.3 and 6.4.

The lines drawn in Figures 6.3 and 6.4 permit the calculation of the specific

cell conductance (expressed in mhos/ft 2) and of the extrapolated zero-current

voltage for a cell. The results are listed in Table 6.3.

Both the values of specific conductance and of extrapolated zero-current volt-

age _ncrease with temperature. Operation at 60°C rather than 20°C thus appears

desirable from an electrical view-point alone.

The specific conductances obtained at 60°C (305 mhos/ft 2 for Mode I_ 375 for

Mode If) can be compared to the 369 mhos/ft 2 obtained after Run 3A for Battery

3 (See Section 7.0). That battery had niobium metallics rather than the tan-

talum metallics used here. Niobium metallics have given better performance

than tantalum wherever the two have been compared. A specific conductance of

360 mhos/ft 2 at 60°C with niobium metallics thus appears to be an achievs_le

value even if the cells are not in the improved state characterized as "Mode

II".

6.3.2 Effect of Variables on Liquid Transfer

Some liquid always appears in the gas streams leaving a dual-membrane fuel

cell. Possible sources for this liquid are:

i. Mechanical leaks between electrolyte stream and gas streams.

This would include leaks through the membranes and leaks

between the respective manifolds.

2. Transfer of liquid across the membrane due to other than mechanical

causes.
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Table 6.2

Effect of Variables on Cell Voltage

Average Cell Voltage

Mode II

Temperature Lo Hi

Current Density
amps/ft 2

0.827

0°768

0.688

0.637

0.537

12

24

40

60

80

I

Hi Lo

0.838 0.858

0.806 0.818

0.684 -

.t,,
i,

Mode I:

Mode II:

Lo:

Hi:

0-600; 1350-1500 hours

600-1350 hours

approximately 2O°C

approximately 60°C

0.876

0.842

0.803

0.746

Table 6.3

Effect of Variables on Electrical Performance (I)

Mode (2)

I

I

II

II

Temperature (3)

Lo

Hi

Lo

Hi

Cell Specific
Conductance

Mhoslft 2

250

3O5

360 (4)

375

Extrap. Zero-Current
Voltage, Volts

0.867

0.880

O. 883 (4)

o.9o6

(I) For cells with tantalum metallics, niobium metallics expected to
increase conductance by about 60 mhos/ft 2.

(2) Mode I and Mode I1: same as in Table 6.2, above.

(3) Lo = approximately 20°C; Hi = approximately 6O°C.

(4) Based on only two points on polarization curve.
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3- Chemical reaction: H2 + _02 _ H20(1 )

4. Condensation, whenever the collector bottle _s at a considerably

lower temperature than the gas leaving the battery.

6.3.2.1 Check for Mechanical Leakage

To see whether mechanical leakage was responsible for the liquid appearing in

the gas stream, two special single cells were constructed: Cell E1279 and

Cell E1652. The first of these, Cell E1279, had ion-impermeable rubber sheets

in lleu of ion-exchange membranes. Aside from this use of rubber "membranes",

this cell was constructed normally, i.e., with electrolyte fed to and removed

from the electrolyte compartment via manifold ports leading to headers which

passed through various other cell components. The second cell, Cell E1652,

used regular ion-exchange membranes but was built without manlfold-headers.

Instead, the electrolyte entered and left the electrolyte compartment directly

through holes drilled down through the electrolyte compartment wall.

The cell with rubber membranes showed no noticeable liquid accumulation in the

gas compartments after having been "run" for several weeks. There was thus

no mechanical leakage from the electrolyte manifold to the gas manifold.

The cell without manifold headers but with Ion-exchange membranes consistently

had liquid leaving with the gas streams. The amount of liquid was not affected

by changes in the differential pressure between the electrolyte compartment

and the gas compartments. The liquid showing up in the gas streams thus had

come through the membranes but by mechanisms other than mechanical "pln-hole"

leakage.

(It is possible to obtain "pin-hole" type leakage through the mem-

branes if the electrolyte normality is increased above ll N H2S04.

At that concentration, the H2SO 4 dehydrates the membranes to such

an extent that macropores open up and very high leakage rates result.

These leakage rates are then dependent on the pressure differential

maintained. When the normality is again lowered below ii N H2S04,

the ion-exchange resin re-solvates, the macropores close up and the

mechanical integrity of the membrane is restored.)
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6.3.2.2 Hydrogen-Side Liquid

Liquid was collected from both the hydrogen and the oxygen leaving dual-

membrane cells. The data obtained from each of the two gas streams will be

considered separately, as the effect of the operating variables are quite

different.

The data considered in this section were obtained from the same special 5-cell

battery used to determine the effect of operating variables on electrical per-

formance as detailed in Section 6.3.1. The data are listed in Table 6.4 which

is included in Section 6.3.2.3.

The normality of the hydrogen-slde liquid collected during the low temperature

runs is plotted versus the electrolyte normality in Figure 6.5 for current

densities of 12 to 60 amps/ft 2. No liquid was obtained at 0 amps/ft 2. It

can be seen that 3 within the scatter of the data, the hydrogen side liquid

has the same normality as the electrolyte itself. One source of scatter is

a possible slight temperature imbalance will lead to condensation or evapora-

tion of liquid. Although at first glance the equal normality of the electro-

lyte and of the collected liquid may suggest a mechanical leak, it is felt

that no such mechanical leakage is involved. The reasons for this belief

appear when we consider the rate at which hydrogen-slde liquid is accumulated.

Figure 6.6 shows a plot of liquid rate (plotted as gms/amp-hr-cell)versus

electrolyte normality for these same runs. A single curve adequately represent

the data. This says that the amount of liquid collected from a cell was pro-

portional to the amount of current passing through the cell. This could hardly

be ascribed to any "mechanical" leakage.

The reaction theoretically occurring at the hydrogen electrode is H2-_2H + + 2e-

with the H + ions going from the electrode in the H2 compartment through the

membrane into the electrolyte compartment. Yet a flow of electrolyte exists

from the electrolyte compartment two the H2 compartment. The most probably

explanation is that, although the majority of the current is carried by the

H+ cations, some of the current is carried by sulfate or bisulfate anions.

These anions are well solvated and thus their effect is to carry electrolyte
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out into the gas compartment. (It must be remembered that at the electrolyt_

concentration involved - 3N to 9N H2SO 4 - the bound anionic charges on the

membrane resin are no longer completely effective at Bcreening out other anions).

Figure 6.7 shows the same data as Figure 6.6, i.e., hydrogen-side liquid rate

(gms/amp-hr-cell) versus electrolyte normality but plotted on logarithmic paper.

It can be seen that the rate is proportional to about the square of the electro-

lyte normality. (Some high temperature data (60°C) which will be discussed

later in this section are also shown).

Figure 6.8 again presents the same hydrogen-slde liquid collection rate data,

but this tlme expressed as equivalents of H2S0 _ collected per cell per electro-

chemical equivalent of current, i.e., per faraday. It can be seen that thls

ratio is a strong function of electrolyte normality: it increases approxl-

mstely as NeB The absolute value, however, remains quite small. When the

electrolyte is 6N, the H2SO 4 collected represents only about 1% of the fara-

days passed.

High temperature data (60°C) were also taken to delineate the effect of temp-

erature on hydrogen-slde liquid. The data were somewhat clouded by the diff-

iculty of preventing condensation or evaporation in the cell or the collector

bottles due to variations In the temperature and humidity of the gas stream

when leaving the humidifier, passing through the cell and leaving the collector

bottles. The data obtained at approximately a constant electrolyte normalitLy

averagiz, g 6.8N were broken down into grams H20/ft2-hr-cell and grams H2SO_/ft 2-

h_'-cell, each of which was plotted separately against current density" (see

Figure 6.9). Each was found to form a straight llne but having a positive

intercept at zero current density. This rate at zero current density was

accounted for by hypothesizing that some water condensed in the cell and then

drew some H2SO 4 electrolyoe out by osmotic or diffusion forces.) The slopes

of the two lines in Figure 6.9 give the incremental collection rates in gms/

amp-hr-cell, one for ths H2SO 4 cczponent and one for the H20. The sum of

these two quantities, 0.163 grams of liquld/a_p-hr-cell, represents the best

estimate of the hydrogen-slde collection rate at 60°C and at this electrolyte

normality of 6.8N and Is plotted on Figure 6.7. The rate of 0.163 gms/amp-

hr-cell obtained at 60°C is higher than the O.1 gms/amp-hr-cell expected at
o

this normality at 20 C.
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6.3.2.3 0xygen-Side Liquid

Water is the product of the chemical reaction occurring in an H2-O 2 fuel cell.

For dual-membrane cells using acid electrolyte, the water is formed at the 02

electrode where:

2H + + 2e- + 2102 _ H20(1 )

In addition to this water formed by chemical reactions, the H + ions passing

through the membrane do so in a solvated form and thus effectively bring with

them some of the highly acid liquid of solvation present in the membrane. To

complicate the picture further, H20 has a low activity coefficient in the con-

centrated H2S04 present in the electrolyte compartment and thus H20 tends to

diffuse from the membrane-electrode interface back into the electrolyte com-

partment.

The net oxygen side liquid collection rate depends (aside from condensation

effects) on a balance between:

1. Rate of water formation by reaction

2. Rate of solvation-liquid transfer

3. Rate of back diffusion of water

Figure 6.10 shows that at a given electrolyte normality, the oxygen-side normality

goes down as the current density is increased. This is due to the fact that

an increase in current density implies an increase in the water produced at

the oxygen-slde electrode by reaction of H 2 and 02. The additional water re-

sults in a lower acid concentration at the electrode. The oxygen-side membrane

is in contact with the oxygen-side liquid of normality N on one side and the
o

electrolyte Of normality N on the other. The net effect of this can often
e

be described as saying the membrane is in contact with a liquid of normality

Nm, the "membrane normality", where N is the geometric mean of N e and No, i.e.,

Nm = N_oN e. Figure 6.11 presents a plot of oxygen-side liquid collection

rate at 20°C, expressed as gms/amp-hr-cell, versus N . The data fall reason-
m

ably closely together. The same data are plotted logarithmically in Figure

6.12. The rate of liquid collection falls off_rith increasing membrane nor-

mality- the more conc_trated H2SO 4 "sucks" the product water back into the

7O



O
Z

°

o

m

-J

!
Z
,,i

x
O

11

I0

5

4

I

2 3

Figure 6. lO

PARI 1Y L I NE

CURRENT

DENS ITY_

AMPS/FT z

J

I , I N , I i t

4 5 6 7 8 9

ELECTROLYTE NORMALITY, N
e

Oxygen-Side Liquid Normality Vs. Electrolyte Normality

10

?l



t_

!

<C

"Jr

LJ.l

W
.--I
.--I

o

c_
B
._J

T
,,=,
>-

l.l

1,0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

O.I

CURRENT DENSITY

\ AMPS/FT_ 2 __

_ 12

\ o 24

I I I I I I I

2 3 4 5 6 7 8

OXYGEN-SIDE MEMBRANE NORMALITY, Nm =.V/" NoN e

Figure 6.11 Oxygen-Side Liquid Rate

72



.J
J
w

I

I
a.

_o

p-

Z
O
I
p-

uJ
-4
J
O
¢.)

I
.J

¢n
I
Z

(.9
>-
X
O

0.6

0.4

0.2

O.I

0.08

0.06

0.04

0.02

0.01

0

I

o o

o

I I I I

2 4 6 8

Figure 6.12

OXYGEN-SIDE MEMBRANE NORMALITY

=J N N
Nm o e

Oxygen-Side Liquid Rate Vs. Membrane Normality

73



electrolyte compartment. The oxygen-side collection rate is approximately

proportional to N -2. The relevant data are listed in Table 6.4.
m

Oxygen-side liquid collection data obtained at 60°C were treated exactly as

the 60°C hydrogen-s_de data discussed in 6.3.2.2. The resulting plots are

shown in Figure 6.13. (The 60°C liquid collection data are summarized in

Table 6.5). The oxygen-side rate of 0._21 gm_/_mp-hr-cell determined from

•"_ure 6.13 is also shown on Figure 6.12. It is s_en that _ne collection

_!_be is higher than the 0.08 gms/amp-hr-cell expected for a membrane normaliu,

of 6.ON at 20°C.
D

6.4 Summarized Effect of Variables

The parametric evaluation sho_ed that electrolyte normality has no effect on

Cell voltage but does have a strong effect on the rate at which liquid is

transported into the gas compartments. The collect_n rates are proportional

to the current passed. Increasing electrolyte normality increases the rate

of liquid collection on the hydrogen side and decr<.ases the collection rate

on the oxygen side. Figures 6.5 through 6.13 show the _or_'elations ebt-iued.

Increasing temperature raises the cell voltage, lowers cell resistance and

increases the gas-slde liquid collection rates as shown in Figures 6._, 6.4,

6.7 and 6.12. Time, per se, does not seem to have a deleterious effect on the

cell; however an unexplained increase in performs_ice persisted for a i_O hour

span during a 1500 hour run. This is shown in Figures 6.2 through 6.4.

Variations in gas and liquid flow rates and _n pressure level have only minor

effects, if any, on cell performance as detailed primarily in Sections 5.0 and

7.0 of zhis part of the report.
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Table 6.4

Gas-Side Liquid Collection Rate Data

(20°C)

Current

Density
Amp/f t L

12

24

Electrolyte
N

e

8.1

7.9

Normalities

6.4

5.55

5.35

5.12

3.18

2.92

8.5

7.75

4.35

4.35

4.20

3.98

3.92

3.88

3.7

3.48

3.42

5.88

5.50

5.22

5.85

5.75

H2-S i de 02NS i de
Nh o

8.1 7.9

8.0 7.45

6.6 6.0

5.05 4.6

4.95 4.6

5.0 4.55

2.5 2.55

2.15 2.35

8.9 7.75

8.3 6.9O

--- 3.15

4.85 3.25

4.4 3.20

--- 3.05

4.3 2.80

--- 2.85

3.3 2.55

--- 2.45

3.35 2.50

5.8 4.95

5.7 4.55

5.6 4.15

6.2 5.1

6.2 5.0

Hembrane

8.0

7.7

6.2

5.05

4.95

4.85

2.85

2.60

8.1

7.3

3.7

3.75

3.65

3.5

3.3

3.3

3.1

2.9

2.9

5.4

5.0

4.65

5.45

5.35

Liq. Collection Rate

Gms/Amp-Hr-Cell

02-Side H2-Side

.041 .135

.042 .116

.128 .0838

•O75 .0512

.I04 .075

.102 .0504

.288 .0108

.474 .0240

.134 .1555

.090 .1295

.218 .....

.220 .0488

.228 .0340

.218 .....

.206 .0357

.290 .....

.284 .0149

•334 .....

•349 .0204

.187 .0606

.104 .0840

.120 .0812

.081 .0562

.152 .0607

Equiv. H2S04t
Faraday

H2-Side

.0237

.0202

.0123

.00605

.0087

.0059

.00074

.0OI33

.0294

.0233

.00555

.00353

.00364

.00120

.00167

.0081

.0109

.0104

.00782

.00845

75



Table 6.4 (continued)

Gas-Side Liquid Collection Rate Data

(20%)

Current
Densi t_(
_p/f t L

24

_0

6O

Electrolyte
N

e

) .02

2.82

5.2

5.8

$ •62

_.68

5.65

5.52

5.05

5.75

5.25

5.0

4.7

3.25

3.25

8.1

7.7

Normalities

H2-s ide 021;Side
Nh 0

2.9 2.25

I .85 ! .9

4.45 4.25

5.55 4.65

6.6 3.9

5.5 2.8

6.2 4.15

5.5 4.05

5.9 3.2

--- 3.2

6 •05 3.05

--- 3.1

5.85 2.3

2.6 I .05

3.15 1.3

9 •2 6.65

8.95 6.4

2.6

2.3

4.7

5.2

4.7

3•6

4.85

4.75

4.0

4.17

4.0

3.93

3.3

t .85

2.05

7.3

7.0

Liq. Collection Rate
bs//_p-Hr-Cell

02-Side

.390

.475

• 186

.082

•125

.26_

.128

.210

• 198

.273

.254

• 174

.287

.908

• 726

.094

•099

H2-Side

.0159

.o164

.o69o

.0798

.o985

.0fi56

.o81

.0736

.o7o8

.0865

.0718

•038

.042

.1428

.1424

Equiv. H2S0L
Faraday

H2-Side

.00114

.00077

.0072

.0101

.0145

.00695

.0tl35

.0092

.0096

.01195

.0096

.00248

.00325

.0275

.0272
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7.0 Five-Cell Battery Tests

The test rig was modified to permit handling several 5-cell batteries simul-

taneously. Techniques for assembling and filling the batteries were tested

and finalized. Two batteries were assembled during the month of March, 1963

and subjected to lO0-hour performance tests at the prescribed current density

of 2h amps/ft 2. The effect of varying some of the flow parameters was also

investigated. Three additional batteries were constructed and run success-

fully for over lO0-hours each during the month of April. A total of 893 hours

at 24 amps/ft 2 was logged on these 5- cell batteries.

7.1 Assemblin_ and Filling 5-Cell Batteries

Forms and systems were devised and employed to provide multiple quality as-

surance checks during the assembly of the batteries. All compartments and

electrodes were individually identified and their correct emplacement with

regard to location, direction and right or left handedness within the battery

stack was verified and recorded.

The electrolyte compartments were filled by sucking 6NH_S0_ up through the

acid inlet manifold with the aid of a slight vacuum (13.2 psla) applied to the

acid exit manifold. The filling rate was adjusted by means of a variable con-

striction in the acid inlet line to about 20 ml/mln. Prior tests with a dummy

electrolyte compartment faced with a lucite cover plate showed that this tech-

nique would result in bubble-free filling of the electrolyte compartments.

The work with this dummy compartment also suggested a modification in the de-

sign of the top (exit end) of electrolyte compartments. A slight "cathedral

ceiling" (mld-polnt raised 3/16" above the horizontal)would facilitate the

removal of any gas bubbles that might otherwise remain in the compartment.

Such a modification in the design of electrolyte compartments has been adopted

and implemented.

After filling a battery, the inlet acid manifold was closed and the vacuum on

the electrolyte compartments maintained for some time in order to check that

gas would not leak into the electrolyte compartments through possible defects

in the membranes or through cross-leaks in the manifold system or through the
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side walls of the cell assembly. If gasbubblesappearedin the electrolyte
exit manifold, or if electrolyte wouldflow out of this manifold (indicating
internal gasbubble appearance),suitable steps weretaken to close off the
particular leak in question. All batteries were"bubble-tight" prior to in-
stallation on the test rig.

7.2 Humidification

In an actual H2-O 2 fuel cell system using a Dual-Membrane Fuel Cell Battery,

the H2 and 02 gases leaving the battery would be recycled. The gases entering

the battery (consisting of make-up feed gases and recycle gases) would thus

not be bone-dry but would contain water vapor. The test system used during

this study did not involve gas recycle: initially bone-dry gases were fed to

the fuel cells and the gases leaving were discarded. During the study, it

was decided that a better simulation of an actual operation could be obtained

if the entering gases were humidified so that they would also contain water

vapor. Thus runs made on Battery 3 and thereafter (and some earlier runs)

used humidified gases. The gases were passed through flasks containing 3N

sulfuric acid at the temperature of the cell. Sufficient disengaging space

was available to prevent spray from being carried into the cell.

7.3 Results of 5-Cell Battery Tests

The data from all of the 5-cell battery tests have been summarized in three

tables. Table 7.1 describes the components of the batteries; Table 7.2 presents

the operating conditions during the runs; and Table 7.3 gives the performance

of the batteries. In text following, the performance of each battery is dis-

cussed separately.

7.3.1 Performance of Batter_ 1

Battery 1 contained teflon gas and liquid compartments and tantalum pusher and

collector plates. The electrodes were made using the standard sintered electrode

formulation. The battery was placed in a constant temperature bath at 60°C.

Battery 1 performed satisfactorily from the start. A current density of 24
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amps/ft 2 was maintained at better than 3.5 volts throughout the 165 hours that

the battery was on test. This may be compared with the 3.4 volts for a 5-cell

battery that corresponds to the average cell voltage of 0.68 volts required

for the 10-cell Demonstrator Battery. Figure 7.1 shows a plot of individual

cell voltages and of bsttery voltage versus time. The separate data points are

not connected as the partic_:lar voltage-time histories are quite convoluted.

The gas-side pressure drops were quite low; on the order of 50 mm H20 at flow

rates of 2 liters/min of H2 and 1 liter/min of 02 . These pressure drops are

shown in Figure 7.2.

During the first i13 hours, Battery i was run with gas rates of about 32 times

the gas consumption rates - flow rates of approximately 2 liters/m_n, of H2,

1 liter/rain, of 02 - and a fairly high electrolyte rate of 60 _l/min. (R_% l-A).

Thereafter the g_s rates were cut down to abodt 3 times the consumption rate

(Run l-B) and Sheu upped again partway to about 6 times the consumpticn rate

(Run l-C). For both 1-B and l-C, the electrolyte rate was reduced to 7 ml/m _

Operation <t the low gas rate (l-B) was not stable: every 8 hours or so the:

voltage developed in one cell would start to drop, apparently due to liquid

accumalation in the gas compartment. A sudden short decrease in downstream

_ressure would result in a rspid dischsrge of liquid and return of the cell

voltage to normal. At the high and i:_termediate rates (1-A and l-C) no such

i_stability occurred, apparently the more significant gas compartment pressure

drops (60 _id 30 mm H20 vs. 14 mm H20 in l-B) were sufficient to ensure adequate

purging of liouid from. the gas compartments.

The voltages developed showed no trend with time. They were somewhat higher

for 1-B and 1-C than for 1-A. _is may 0e due to the higher internal tempera-

ture resulting from a decrease in el6ctrolyte flow rate. The pressure drops

measured across the gas compartments agreed with those obtained in the siugle

cell made of some of the same components (Cell E1685). The battery voltages

and gas pressure drops sre shown in Figure 7.3.

The electrolyte pump operetion was such that the pump would operate in either

one of two modes. It would either operate continuously giving a fairly constant
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pressure drop through the battery, or it would pump intermittently, being con-

trolled by high and low pressure relays. This second mode of operation would

give a pressure drop cycling in level between high (pump pumping) and low

(pump not pumping).

7.3.2 Performance of Battery 2

Battery 2 was similar to Battery i except that the electrolyte compartments

were thicker in the latter (roughly 1/8" vs. 1/10") and contained two layers

of trilok instead of one. The battery was operated in a bath at 30°C.

Battery 2 did not give quite as satisfactory performance. Initially, fairly

stable operation could only be obtained by running the electrolyte compartments

at a slightly higher pressure than the gas compartments (about 5 psig vs. 2.3

psig). Even so, a slight deterioration in voltage with time was observed.

After 48 hours of this sort of operation (Run 2-A-l) performance became erratic

for 4 hours but was brought back to an acceptable level by eliminating the

deliberate pressure imbalance. The second half of 2A (Run 2-A-2) was then

completed. The initial requirement for a pressure imbalance suggests that

contact between electrodes and membranes was not as good as it should have

been. However, Battery 2 did complete lO0 hours at 30°C and a current density

of 24 amps/ft 2 while developing a voltage averaging over 3.5 volts. The volt-

ages developed during Run 2A are plotted in Figure 7.4.

Following Run 2A, the temperature on Battery 2 was increased to 60°C. The

electrolyte rate was reduced to between 5 to lO ml/min. This resulted in the

pump pumping only intermittently, with its on-off cycling determined by a

pressure sensor. The pressure sensor was set to keep the electrolyte stream

between 4.5 and 5.5 psig. The gases were humidified. These conditions were

maintained for 100 hours and constitute Run 2B.

Finally the cell temperature was dropped to 30°C, the electrolyte flow rate

was increased to 27 ml/min., the gas pressures were raised to 5 psig to eliminate

the pressure imbalance and the humidifiers were removed from the gas feed system.

These condition_ constituting Run 2C, were maintained for another 16 hours.

This run was finally terminated to make space for Battery 5.
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The average voltage under load produced by the cell in Run _B was 30 millivolts

higher than the voltage maintained in Run 2A. This may he due to the higher

bath temperatures or the lover electrolyte rate (i.e., higher internal temper-

ature). However, in contrast to the relatively small and random variation of

voltage in 2A, the voltage in 2B drops steadily from a value near 3.9 to Just

below 3.4 volts at the end of the run. The voltages produced in Run P_B are

shown in Figure 7.5.

The voltage in the recapitulation run, 2C, is i00 millivolts below that in 2A.

Over the 16 hours that the cell was run at 30°C, the voltage rose slowly, and

given time, might have reached the value observed in Run 2A. The gas pressure

drops in Run 2B were similar to, but slightly higher than those measured in

Runs 2A and 2C.

7.3.3 Performance of BatterF 3

Except for Niobium pusher and collector plates, Battery 3 was identical in con-

struction to Battery 1.

This battery was first operated for 133 hours at 60°C (Run 3A). After this,

a polarization curve was taken, the cell was leak-tested, and a run at 30°C

was begun (Run BB). After 51 hours of operation, a cell failure forced the

termination of the run. The voltages produced in Runs BA and 3B are given in

Figures 7.6 and 7.7.

Two system failures occurred during these runs. In Run 3A, the hydrogen humid-

ifier in the constant temperature bath accidentally upset, sending 3N sulfuric

acid through the hydrogen compartments. The cell recovered from this accident

rapidly, giving 0.1 volt increase in voltage for a short time after the gas

flow was restored.

Run 3B was terminated by a series of events triggered by a failure in the

electrolyte circulating system. A leak in the circulating system led to the

loss of all of the electrolyte. The loss of electrolyte pressure should have

resulted in the shutting-off of the gas feed lines. For an as yet undiscovered

reason, the emergency solenoids did not close and gas flow continued. The mem-

branes we_no longer kept wet by electrolyte and acted as though they were in a
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single membrane fuel cell, i.e., they eventaully dried out and cracked, allow-

ing the hydrogen and oxygen streams to mlx in the presence of the platinum

black catalyst and burn. The fire within the battery destroyed the membranes

and most of the trilok spacer mesh.

The voltage under 24 amps/ft 2 load averaged 4 volts during Run 3A. The voltage

showed a slow decline from almost 4.3 volts to 3.84 volts after 13B hours. The

polarization curve, Figure 7.8 was measured directly after this run and showed

a specific conductance of 73.7 mhos/ft 2. This equals an average of 369 mhos/ft 2

per cell which is considerably higher than had been measured for any single

cell. A power density curve is presented in Figure 7.9.

Run 3B, at 30°C, produced a lower, but relatively stable, voltage centering

about 3.74 volts.

For a leak test, the cell was submerged In water In the constant temperature

bath and carefully observed for leaks. Approximately 2 cc/hr of gas was seen

which could not be clearly attributed to electrolysis of the bath water caused

by the 4 volts existing between the terminal collector plates.

The gas pressure drops were, on the average, higher than in previous cells.

A very marked trend is seen in Run 3A (Figure 7.10) where the oxygen pressure

drop increased from 75 to 140 mmwater and the hydrogen pressure increased

from 95 to l_0 mmwater over the course of the run. No such relationship exist-

ed in Run 3B. (Figure 7.11) The cause for the slowly increasing pressure drop

in Run 3A is unknown, as is the cause for the slowly decreasing voltage during

that run. It is not known whether the two effects were related.

T.3.4 Performance of Battery 4

This battery used peuton compartments and dynel-backed membranes. Battery 4

was first run for 134 hours in a 60°C bath (Run 4A). A polarization curve

was recorded and the battery was leak-tested. The battery was then run for

17 hours at 30°C, enough to reach steady-state operation (Run 4B). Then the

bath temperature was raised to 60°C, the leak-test was repeated and another

polarization curve was recorded. _e cell was then run again at 60°C for 26

hours (Run 4C)° This test was terminated when some of the components were
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needed for the assembly of another battery.

The average voltage for the 134 hour Run 4A was 3.5 volts, lower by almost i00

millivolts than Batteries 1 or 2 under similar conditions. (Figure 7.12)

0nly for a brief period after i00 hours did the voltage drop/below 3.4 volts.

During the interval at 30°C, the voltage was almost as highj 3.48 volts. How-

ever, when the temperature was restored to 60°C, only 3.339 volts were recorded.

Figs.T.1B&7.14 show data recorded before and after the 30°C run. These indicate

that some significant change occurred in the cell. The first shows a specific

conductance of 33.3 mhos/ft 2, the second an increase to 43.5 mhos/ft 2. The

voltages on these curves at 24 amps/ft 2 were 3.47 and 3.36 volts respectively.

Thus, the polarization curves should cross, which they do at 40 amps/ft 2,

indicating that above that current the cell operated better after temperature

cycling. The cause of this behavior lles most likely in the position of the

electrode-electrolyte interface, which has not been investigated sufficiently

to warrant any detailed interpretation.

The leak test consisted, again, of submerging the cell completely in the bath.

In both leak tests, a current of 20 amperes reduced the potential between the

terminal end plates below that necessary for electrolysis, under which condi-

tions no bubbles were observed rising from the cell.

The gas pressure drops in Run 4A average higher than those of Run 3. In Run

4B, they are almost identical to those of Run 2C. But there is a considerable

increase, particularly on the hydrogen side in Run 4C. Upon disassembly, it

was found that the gaskets had swelled over the gas inlet channels to the point

where these channels appeared to be almost shut off. The swelling probably

occurred as a result of heat generated within the cell during the taking of

polarization curves. Figure 7.15 shows the log of the experiments carried out

with Battery 4.

7.3.5 Performance of Battery 5

Battery 5 was similar to construction to Battery 2 except for the use of zir-

conium pusher and collector plates and dynel-backed membranes. This battery

was intended to have gas and liquid compartments of halon. However, deliveries
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HOURS

0 - 134

139

142

143 - 161

163

164 - 168

168 - 211

EVENT

Run 4A @ 60°C, 24 Amps/Ft 2

Polarization Curve @ 60°C

Leak Test @ 60°C, no observable

leakage rate.

Run 4B @ 30°C, 24 Amps/Ft 2

Leak Test @ 60°C, no observable

leakage rate.

Polarization Curve @ 60°C

Run 4C @ 60°C, 24 Amps/Ft 2

Figure 7.15 Log of Battery 4
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of this material did not meet the quality assurance requirements so teflon

components were substituted. Thus, halon compartments were not evaluated.

The first assembly of Battery 5 operated below 3.4 volts from the very begin-

ning at 30°C, Run 5-A-1. To improve the performance, the bath was heated to

60°C. (Run 5-A-2). At this temperature, the cell voltage dropped from a start-

ing high of 3.47 volts to 3.38 volts in ]8-1/2 hours. Consequently, the cell

was disassembled and two changes were made. The electrodes were shuffled and

the oxygen electrodes which had shown the poorest performance were replaced.

It has been noticed that the oxygen electrode in a cell exerts considerably

more influence over the performance than the hydrog2n electrode. Consequently,

unsatisfactory oxygen electrodes can be used on the hydrogen side with little

bad effect. It was also observed that the zirconium collector plates, because

of the relatively higher resistance of zirconium were lowering the voltage of

the first and last cells of the battery by about 30 millivolts each. Since

the current path in the terminal collector plates is considerably longer than

in any interior collector plate, the resistance there is more important; fur-

thermor% considerable electrolysis had occurred along the edges of the col-

lector plates accompanied by noticeable removal of metal. To avoid both of

these difficulties, terminal collector and pusher plates of tantalum were sub-

stituted. After these adjustments, Run 5B was made, lasting for ll7 hours.

This run was terminated when the need arose for components for the lO-cell

battery.

The electrical performance of Battery 5 was only marginal. (Figure 7.16)

While no measurements taken with the calibrated potentiometer were poorer than

the criterion of 3.4 volts at 6 amperes, the recorder, a less reliable instru-

ment, showed several points below 3.4 volts. On two occasions surges of electro-

lyte and gas were used to improve the performance of the battery. A sudden

opening and shutting of the exit valves led to a quick drop in pressure and

a somewhat slower build up. During the "open" interval, a surge of liquid or

gas would leave the battery, presumably carrying any partial obstructions with

it.

The pressure drops measured in Run 5B averaged slightly higher on the hydrogen

side and considcrably lower (66 vs. lO0 mm H20 ) on the oxygen side when
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compared to Run 2A.

,._ Overall Conclusions from 5-Cell Battery Runs

I. Five 5-cell batteries were run for more than I00 hours each while

delivering more than 3.4 volts at 24 amps/ft 2.

2. Niobium is the most desirable pusher and collector plate material

of those investigated.

o The voltages produced by the cell using niobium are, on average,

higher than any other cell has produced. This is not thought to

be due to the internal resistance of the metal but to the surface

resistance which is obtained under the conditions of the cell.

Note the high specific conductance of the cell measured at the

end of Run 3-A.

. Either Teflon or Penton can be used for gas and electrolyte com-

partments. No evidence of deterioration of either material during

normal testing was observed.

5. Dynel-backed membranes are inferior to glass-backed membranes. No

direct comparison can be made since no two batteries differed by

only the type of membrane. However, the two poorest batteries

both contained dynel-backed membranes.

6. Pressure drops of 25 mm of water are adequate for proper distri-

bution of gases.

° Improper distribution would leave some cells starved for reactants

which results in a steep drop in output voltage from the starved

cells. While there have been cases of single cells in a battery

performing notably poorer than others in the same battery, the

precipitous drop associated with a starved cell occurred only in

Run LB. In that run the gas flow rates were low and the gas pres-

sure drops were only 15 mm of water.
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8.0 Ten-Cell Demonstrator Battery

8.1 Introduction

The objective of the test was to run a ten-cell, 36 square inch per cell Ionic's

Dual Membrane Fuel Battery for lO0 hours at a current density of 24 amperes/ft 2

and to produce a minimum of 40.8 watts or, equivalently, to operate at a min-

imum of 6.8 volts. The test was completed successfully. During the test the

battery produced an average of 46.5 watts with a maximum voltage of 8.7 volts

and a minimum of 7.4 volts.

Upon completion of the test, the cell was packed and delivered to TRW.

8.2 Construction of the lO-Cell Batter_

Components and materials of construction used in the lO-cell battery are tab-

ulated in Table 8.1. The weight and percentage of total cell weight is tab-

ulated beside each component. The final column gives a percentage weight

breakdown for an individual cell.

Little comment is required on most of the components. The selection of nio-

bium for metallic components and glass-backed membranes was obvious in light

of the 5-cell battery results. Teflon compartments were used because of the

ready availability of teflon.

The only change that was made in the design of the 5-cell batteries was that a

part of the gaskets which had covered the gas channels was cut away at a dis-

tance of one millimeter from the edges of the channels, thus accounting for

the notation "20 cut gaskets". The cuts were made to prevent the possibility

of gasket material oozing into the gas channels.

8.3 Data Obtained

8.3.1 Continuous Recordin_

Over the interval of 120 hours when the battery was on test, thirteen variables

were monitored continually:
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l,

2.

3-12.

13.

Battery current

Total battery output voltage

Voltage across cells number i - i0

A reference voltage of 0.4 volts

Each of these vari_oles was recorded every 94 seconds on a self-balancing-

potentiometer recorder. The battery current _as measured as the potential

drop across a 0.05 ohm preclsion resistance in line with the battery. The

total battery voltage was kept on scale on the recorder by means of a lO to 1

voltage divider. The recorder was set for a full-scale reading of one volt.

8.3.2 Intermittent Recordin_

Other data were recorded at irregular intervals because they had to be manually

recorded. These were:

i. Hydrogen feed rate

2. Oxygen feed rate

3. Electrolyte circulation rate

4. Hydrogen inlet pressure

5. Oxygen inlet pressure

6. Electrolyte inlet pressure

7. Electrolyte outlet pressure

8. Hydrogen side pressure drop

9. Oxygen side pressure drop

i0. Electrolyte pressure drop

ii. Battery current

12. Individual cell voltages

The last two items appear to tea duplication of the data taken by the recorder.

Actually there is a functional difference between the two sets of data. The
.

latter set was taken on instruments which have a calibration ultimately trace-

able to the National Bureau of Standards. The current was carefully maintained

as close to the desired value as possible while the voltage readings were being

taken. Thus these measurements are the best values for cell current and voltage

that were obtained. By contrast, the recorder measurements are not sufficiently

* by Alvin S. Mancib Company, Cambridge, Massachusetts
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accurateto satisfy the quality assurancerequirementsof this program. The
recorder voltages are fairly consistently O.O1volts below the values shownby
the potentlometerand"canbe assumedto be correct within 0.02-0.03volts.
Thesevaluesshowbehavior of the battery betweenthe potentiometerreadings.

Thegas feedrates weremeasuredby rotameters_hich were calibrated at operat-
ing pressurewith a wet test meter. Theelectrolyte circulation rotameterwas
calibrated with a cylinder andstopwatch. Thefour pressuregaugeswere set
at 5 psi usingan Ashcraft deadweight tester. The three pressuredropswere
measuredwith polyethylenemanometers.Theelectrolyte manometergives a con-
siderablymoreaccuratepressuredrop than the difference betweenthe inlet
and outlet pressuregauges.

8.3.3 Liquid Collections

Liquid appearing in the gas compartments was separated from the gas streams

by traps on a lower hydraulic level than the bottom of the cell. After a

sufficiently large sample had accumulated in each trap, the quantities were

measured and the acid concentration _as determined by titration with 0.5N

sodium hydroxide. At the same time that the traps were emptied, samples were

taken of the electrolyte entering and leaving the battery.

The last six variables measured, then, were:

!. Hydrogen-side liquid accumulation - volume

2. 0xygen-side liquid accumulation - volume

3. Hydrogen-side liquid accumulation - acid normality

4. 0xygen-side liquid accumulation - acid normality

5. Inlet electrolyte normality

6. Outlet electrolyte normality

8.4 Results of Test

8.4.1 Description of Run

The lO-cell battery was subjected to a 120 hour run. The current was maintained

at 6 3 0.02 amperes except for two periods when the cell was deprived of oxygen

ii0



for onehour, andfor a three hour period whena polarization curvewastaken.
During the time whenthe current was6 amperes,the voltage never droppedbelow
7.4 volts.

Thecell wasassembledandconnectedwith the electrolyte systemandwasfree
of bubblesandhad gasespassingthroughthe gas compartmentsat 11:55 on
5/1/63. After flve minutesat opencircuit, the current load on the cell was
increasedstepwlseto 6, 12, 16 and24 amperes/ft2 over the next 45minutes.
At 12:45p.m. the current was24 amps/ft2 andthe voltage 7.66 volts. Between
1700and1800(RunHour4.25 and5.25)*, the hlgh point of almost8.0 volts
wasreached. A slowdecline to 7.68 volts and5.8 ampsat 0700(RH18.25) on
5/21/63. Thecurrent wasadjusted to 6.0 ampsat 0820(RH19.58). Following
a little run up, the cell operatedvery steadily (except for someJiggling of
the recorder pen) until 1600(RH52.25) on 5/3/63whena slug of fairly con-
centrated acid wasaddedto the acld reservoir to bring up the concentration
of the electrolyte. This causeda severe(almostO.5 volt) drop in the volt-
ageoutput. Thecell did not entirely recover, but ran alongwith a slight
voltage variations around7.7 volts until 10:45(RunHr 94.00) on 5/5/63 when
anotheraddition wasmadeto the reservoir. This time the battery voltage
recoveredto within O.1volt of the voltagebefore the acid addition.

At 1500on 5/5/63 (RunHr 98.25) the oxygensupplyto the cell failed because
a manifold valve wasaccidentally left closedandfor onehour the cell was
deprived of oxygen. Whenoxygenflow wasrestored, the battery voltage was
considerablyhigher. A polarization curvewastakenandthe battery wasre-
turned to 24 amps/ft2 operation at 1815 on 5/5/63. (Run Hr. 101.50). The

battery soon reached a peak voltage of 8.35 volts from which it regularly de-

clined to 8.05 volts at lO:O0 on 5/6/63 (Run Hr 117.25) when the battery was

again deprived of oxygen, this time on purpose. After 65 minutes of oxygen

deprivation the battery was again supplied with oxygen to which it responded

by producing 8.7 volts at 24 amps/ft 2. The battery was allowed to run until

12:15 on 5/6/63 (Run Hr 120.00) when the run was terminated.

* The number enclosed in parentheses represents the hours, written decimally,

since the start of the run. Thls time is used as the abscissa of Figure 8.1

and appears in Table 8.2 under "cumulative hours".
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8.4.2 Results and Discussion of Results

8.4.2.1 Current and Volta6e

A plot (Figure 8.1) has been made from the battery voltages on the recorder

chart using one data point per hour (or more if a maximum or minimum point did

not occur near the hour. This shows the general profile of the run described

above. The accurate voltages, taken wlth the calibrated potentlometer, are

plotted in Figure 8.2. The points representing the sum total of the cell volt-

ages have been connected along the voltage-tlme history taken from the recorder

chart. It can be seen that direct interpolation between the points would have

been incorrect. For this reason the points representing the individual cell

voltages have not been connected by smooth lines. Disentangling the separate

voltage-time histories of the individual cells from the cells from the recorder

chart does not appear to be of significant value. Because of the periodic

nature of the readings, the set of points representing one cell are not connected.

The plotted values are also listed in Table 8.2. The difference between cells

is most likely due to slight differences In the quality of the membrane-electrode

contact and possibly to unknown differences in the electrodes themselves.

Two points are particularly noteworthy in the electrical behavior of the cell.

The first is the dip in the curve caused by the addition of concentrated acid

to the reservoir. Not much mixing occurs _-ithin the electrolyte circulation

system. Consequently shortly after the concentration of acld in the reservoir

Is increased, each lateral section of membrane, in turn, is faced with an

abrupt rise in acid concentration. Thls throws the osmotic equilibium out of

balance with the probable result that water (or dilute acid) is sucked from

the membrane or from the liquid layer between the electrode and the membrane

into the electrolyte compartment. Thls dislocation is sufficiently severe to

cause a drop in potential of approximately 0.05 volt per cell.

In a system where the water was continuously removed, i.e., where the electro-

lyte concentration _as maintained at a constant value, this abrupt change of

concentration would never occur. However, this effect does suggest that limits

must be set on the allowable rate of concentration change.
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TAIL! 8.2

Operational Data from IO-Cell Iettery Acceptance Test

Date

Time

Cumulative Hours

H2 Feed Rate liters/hr.

02 Feed Rate liters/hr.
Electrolyte Circulation Rate, I/hr.

H2 Inlet Pressure, psig

02 Inlet Pressure, psig
Electrolyte Inlet Pressure, psig

Electrolyte Outlet Pressure, psig

H2 Side Pressure Drop, mmH20

02 Side Pressure Drop, mm H20

Electrolyte Pressure Drop, mmH20

Electrolyte Normality

Current

WOLTAGES:

Total

Cell 1

Cell 2

Cell 3

Cell 4

Cell 5

Cell 6

Cell 7

Cell 8

Cell 9

Cell 10

511163

1245

0

4.0

2.0

1.8

o

i

i

9.07

i

I

I

8

m

m

511163

14oo

1.25

4.0

2•1

2.0

4.9

5.0

5.2

5•0

23

23

160

7.92

6

7.828

.790

.772

•800

.772

•762

.784

.752

.800

.825

.771

512163

0900

20.25

4•0

1.9

1.9

4•8

4•8

5.4

5.2

16

2O

187

6

7.690

.781

.758

•790

•748

•749

•770

.735

• 789

.817

.753

512163

1200

23. 25

4.0

1.9

1.6

4.8

4.7

5.6

5.4

14

21

156

7.71

6

7.871

.796

.770

.813

•772

.767

.782

.753

.809

.832

.777

512163

1700

28.25

I

7.50
i

,i

I

i

i

I

I
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The second and more important point is the increase in voltage obtained by

depriving the cell of orygen for a period. This gain was quite large: About

75 mV/cell at 24 amps/ft 2. Two possible explanations are available for tbls

phenomenon. First, the overvoltage on the oxygen electrode is increased so

much (by 0.7 volt) that all reactable materials (low-energy absorbed molecules,

intermediates, impurities) are reacted leaving the electrode in a much higher

active state. 0r 3 second, the changes in pressure and electrocapillarity cause

the position of the liquld-gas interface to shift exposing relatively fresh

_+.'_iysto The effect is not permanent: the voltage delivered by each cell

slowly declines toward the original value at about 2 mY/hr.

The second oxygen deprivation is an indication of the reproducibility of the

effect. A polarization curve was taken while the cell was in the improved

condition. _nls is reproduced in Figure 8.3. It can be seen that the voltage

at 24 amps/ft 2, 8.5 volts is considerably higher than any that was produced

by this battery prevlously. At the highest current density, the two cells

next to the end plates showed considerably lower voltages than the other cells

which was thought to be due to IR-losses in the terminal collector plates.

Consequently, two points are plotted at the highest current density (80 amps/

ft2): The lower is the measured voltage, the higher voltage is calculated

assuming that the two end cells should produce a voltage equal to the average

of the other eight cells. The two slopes of this polarization curve correspond

to specific conductances of 340 and 400 mhos/ft 2. These are quite similar to

the conductance of 369 mhos/ft 2 calculated for Battery 3, which also had nio-

bium collector and pusher plates. As a conservative estimate a value for the

cel_ conductivity of 360 mhos/ft 2 will be used in the design of the 2 KW

battery.

8.4.2.2 Power

From the data in Figure8.3#the performance of the battery under other conditions

than constant current of 6 &mperes can be investigated. A plot of battery power

against voltage 3 shown in Figure 8.4,is a convenient field upon which to work.

When the lower curve of Figure8.3is plotted as power versus voltage, "the solid

llne curve marked "Demonstrated Performance in 'Metastable' Condition" is ob-

tained. The slope of a straight line between any point and the origin is the
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battery current correspondingto the conditions at that point. Thellne re-
presenting6 amperes(this is current_ not current density) hasbeendrawnwith
a dot-dashline labeled "specified design current". This line passesthrough
the specified designpoint at 6.8 volts (triangle) andthe "metastable" curve
(square)at 8.4 volts.

Thetime-averagevoltage of i'.78 volts obtainedover the first 98 hours of
operation, i.e., before any oxygendeprivations, is also shownon the 6 ampere
line (circle). A power-voltageline wascalculated using this point andthe
conductancedemonstratedby the 5-cell Battery 3. This llne is shownas the
dashedllne labeled "ExpectedPerformancein 'Stable' Condition". Now#the
criteria of battery operation of a current of at least 6 amperesanda minimum
voltage of 6.8 volts leave considerablelatitude in selection of operating
conditions. In terms of poweroutput, the mostdesirable is a voltage of
6.8 volts whichproducesa battery powerof 102watts at a current of 15 amperes.
Basedon the results of the 120hour run, wewouldexpect this battery to be
capableof producing100watts at a voltage of 6.8 volts; however,the service
life underthis load remainsto be demonstrated.

8.4.2.3 Pressure Drops

As a result of the cut-away gaskets, gas side pressure drops were considerably

lower than in most of the 5-cell battery runs. These measurements are plotted

in Figure&Sand tabulated in Table_ 2 along with the measured gas flow rates.

Hydrogen pressure drops ranged from 14 to 24 mm of water compared to 18 to 24 mm

of water on the oxygen side. There was no noticeable trend with time on either

side. These pressure drops appeared to be sufficient for distribution of gases.

The electrolyte pressure drop ranged from 156 to 204 mm of water. Again there

was no trend in the variation with time. Values of electrolyte circulation

rate and electrolyte pressure drop are tabulated in Table 8.2.

8.4.2.4 Liquid Accumulation

Liquid was disengaged from the existing hydrogen and oxygen streams in measuring

cylinders. The amount of liquid collected was recorded periodically. The

amount collected between readings was converted into an average rate for the
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time interval involved. Rates were expressed in milliliters per ampere-hour

per cell. Whenever the contents of a cylinder were removed, the normality of

the liquid was determined. The results are shown plotted versus time in

Figure 8._Hydrogen Side) and Figure 8. 7(Oxygen Side). The normality of the

acid present in the battery is also shown. Rough lines dashed through the

data bars indicate where it is expected the instantaneous values of liquid

rate and normality would have been.

The normality of the liquid collected on the hydrogen side closely approaches that

of the battery acid. However, this is not considered to represent a mechan-

ical "leak". Detailed studies undertaken in ocher phases of this contract

showed that the hydrogen-slde liquid always approaches battery acid normality

but that the rate of accumulation (ml/hr-cell) is proportional to the current

density and ap_roxlmately to the square of the battery acid normality. Neither

variable would be expected to have any significant influence if Just a mechan-

ical leakage were involved. Transfer occurs apparently due to the transport

of some of the current by solvated acid anions instead of hydrogen ions. The

percentage of current carried through the hydrogen-side membrane by acid anions

was low.

For 6N sold:

(0_085 ml/amp-hr) (6 meq acid/ml) (0.0267 amp hr/total meq)

= .01_ meq acid/total meq = 1.4%

On the oxygen sine, the normality of the liquid parallels that of the acid in

the battery but is always lower (Figure0.7 _ This is due to the formation o±

water at the oxygen electrode. The we concentrated acid on the electrolyte

side of the membrane teuds to pull water' into the electrolyte stream. The

hydrogen ions pas_ing through the membrane to the oxygen electrode tend to be

sol_ated ,nd thu_, carry H2SO 4 and H20 out. Some of the current will carry

acid an._Jns back i_tc the electrolyte stream. On balance, at the battery con-

.:entratlcns used nero,, most of the water formed was pulled back into the electro-

lyte stream.
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Typical flow streams leaving a cell when the battery acid was 62 were:

Electrochemical Equivalent of Current

H2SO 4 out with H 2 gas

H20 out with H 2 gas

H2SO 4 out wlth 02 gas

H20 out with 02 gas

H2SO 4 out with electrolyte

H20 out with electrolyte

Meq/Amp-hr-cell

37.5

o.51

8.35

0.47

9.85

2OO

328o

The large electrolyte rate precludes accurate determination of current efficiency

by measuring the electrolyte composition and rate both on entering and leaving

the battery. No attempt was made to determine current efficiency by measuring

the change in gas composition and rate in passing through the battery.

8.5. Conclusions

The lO-cell battery successfully ran for ll5 hours at 24 amps/ft 2 and above the

required 6.8 volts. During the entire 120 hour test, the voltage was above

7.4 volts except during:

i. T_o one-hour stretches when oxygen feed was cut out, once

accidentally (Run Hr 99) and once on purpose (Run Hr ll7).

2. Parts of a 3-hour period (Run Hr 100-102) when higher currents

were drawn during the determination of a polarization curve.

The average voltage during the first 98 hours was 7.78 volts at 24 amps/ft 2.

The average voltage during the 17 hours in the metastable state following

oxygen deprivatlonwas 8.25 volts at 24 amps/ft 2.

The battery was crated and delivered to TRW. A photograph of the 10-cell bat-

tery after completion of the 120 hour test is shown in Figure 8.8.
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Figure 8.8 Photo of 10-Cell Battery After 120 Hour  Test 

126 



9.0 2 KW Battery Design

9. i Desisu_ Philosophy

The design is conservative. The expected electrical performance character-

istics have all been demonstrated in dual-membrane fuel cell batteries. The

mechanical design of the various components closely follows that of components

proven in over 103000 cell-hours of battery performance during this contract

alone. Changes in electrolyte porting arrangements and in component thickness

which both would lead to substantial weight savings, have not been incorporated

in the design as such changes have not been checked out experimentally.

The materials of construction specified in the design are nearly all identical

to those used in the lO-cell battery constructed in Task V of this program.

The only difference is in the end plates: the previous stainless steel end

plates have been replaced by a lighter combination of PVC endblocks and tatanium

endframes, closely paralleling the block and frame construction of Ionics'

commercial electrodialysis stacks.

As an added conservative feature, the design specified 10% more cells than

called for by strict reliance on achieving previously demonstrated electrical

performance. There is thus every reason to believe a battery built according

to this design will perform satisfactorily, i.e., deliver at least 2000 net

watts at least 28.0 volts.

9.2 Overall Desi_ Concepts

The cell design follows that of the dual-membrane, electrolyte-cooled, hydrogen-

oxygen fuel cells used in the previous batteries constructed under this contract.

Figure 9.1 shows an exploded view of the assembly of the various components. Metallic

pusher plates press sintered platinum-black electrodes against pairs of cation-

exchange membranes. Sulfuric acid electrolyte-coolant flows between the dual

membranes which are held apart by plastic filler mesh. Solid metallic "collector

plates" serve to collect current from the pusher plates and to isolate the oxy-

gen compartment of one cell from the hydrogen compartment of the next cell.

Hydrogen, oxygen, and electrolyte-coolant streams are fed to and removed from

the appropriate compartments through manifold ports leading to internal headers.
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The components for the desired number of cells are "stacked" between a pair of

end blocks. The assemblage Is held together by tie bolts bearing against end

frames which in turn bear against the endblocks.

The flow in the electrolyte compartments Is upwards to facilitate removal of

gas bubbles during the filling operation which wlll occur in a positive 1-g

enviror_ent. The flow in the gas compartments !s downward to facilitate liquid

removal during the run-ln and checkout operations occurring in a positive 1-g

environment.

The battery is designed to produce at least two kilowatts, net, of electrical

power at 28 volts. Two hundred additional watts have been allowed for auxiliary

power. The value of 200 watts for the auxiliary power requirement was arrived

at after discussionsbetween TRW and Ionics Incorporated. This battery

with a gross power output of at least 2200 watts at 28 volts will be referred

to as the "2-KWbattery".

9.2.1 Expected Single Cell Characteristics

Niobium metalllcs produced the highest specific conductances in the 5-cell bat-

tery tests and have been specified in the 2-KWdeslgn. The average character-

ization curve for cells from the niobium containing Battery 3 showed a specific

conductance of 369 mhos/ft 2. An average of 360 mhos/ft 2 will be considered

obtainable.

Most of the data of 5 and lO-cell batteries were obtained at a current density

of 24 amps/ft 2. At that current density, good cells provided 0.8 volts or

better. It is felt that by careful manufacture and selection of electrodes

for the 2-KWbattery, the cells of thatbattery will provide an average of at

least 0.8 volts at 24 amps/ft 2. Using this base point and a specific conductance

of 360 mhos/ft 2, the expected average single-cell characterization curve shown

in Figure 9.2 can be drawn. It passes through 0".8 volts with a reciprocal

slope of 360 amps/ft 2 per volt. It extrapolates back to 0.867 volts at zero

current density.
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9.2.2 First-Pass Design

The battery is to provide 2200 watts at 28 volts. This calls for a current of

2200/28 = 78.6 amps. An operating voltage of 0.7 volts/cell is desired in order

to get reasonable fuel efficiency. The expected cell characterization curve

(Figure 9.2) indicates that a cell should maintain 0.7 volts at a current density

of 60 amps/ft 2. A current of 78.6 amps at 60 amps/ft 2 calls for 78.6/60 = 1.3

ft 2 of active area per cell. At 0.7 volts/cell the required 28 volts could be

provided by 29/0.7 = 40 cells in series.

The first pass design would thus be:

i. 40 cells

2. 0.7 volts/cell (28 volts total)

3. 1.31 ft2/cell

4. 60 amps/ft 2 (78.6 amps total)

5. 2200 watts at 28 volts

9.2.3 Actual Conservative Desisrn

There is a possibility that the average performance of the cells will not be

quite asgood as the expected average performance. To guard against this, four

extra cells have been added to the first pass design. These cells provide a

contingency assurance. If, however, all the 44 cells now in the design perform

as expected, the battery will be capable of more than required performance.

The battery is expected to have an internal resistance of

(44) = 0.0933 ohms
(I. 31) (360)

and an extrapolated zero-current voltage of (44) (0.867) = 38.1 volts. The

additional contingency assurance in the design is expected to permit operation

either at 2200 watts but higher than required voltage or at 28 volts but higher

than required power. Thus it is expected that 2200 watts can be obtained at a

higher per-cell voltage (0.720 volts) and a lower current density (53.1 amps/

ft 2) than in the first pass design. This results in improved fuel efficiency.

Again, the contingency assurance in the design is expected to permit drawing
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considerablymorethan 2200watts at 28volts as the 4 extra cells shouldallow
operation at 28/44= 0.636 volts/cell which is expectedto correspondto a
current density of 82.9 amps/ft2 anda total grosspoweroutput of 3040watts.

Thecontingencyallowancein the designbasically, however,is intendedto
permit satisfactory performance(_.e., 2200watts at 28.0 volts) evenif the
battery characteristics do not comeup to expectations. It is possible, for
example,that the specific conductancewill be lower than the expected360mhos/

2
ft leadingto a higher internal battery resistance, or else the electrode
polarization maybe higher than expected, leading to an extrapolated zero-
current voltage of less than 0.867volts/cell, i.e. less than 38.1volts for
the battery.

The4 extra cells permit the battery to provide 2200watts at 28 volts evenif
the internal resistance is as muchas 38%higher than expected(0.1285ohms
instead of 0.0933)or if the electrode polarization is up to 64mvhigher per
cell thanexpected-extrapolatezero-current voltage of 0.803 volts/cell or
35.3volts/battery.

Thevarious casesdiscussedabovecanbe summarizedas follows:

1.

2,

First Pass Design: 40 cells

(a) Required Performance: 2200 watts at 28.0 volts

Actual Conservative Design:

(b)

(c)

(4)

(e)

44 cells

Expected Performance - High Voltage: 2200 watts at 31.7 volts

Expected Performance - High Power: 3040 watts at 28.0 volts

Acceptable Performance - High Resistance: 2200 watts at 28.0

volts

Acceptable Performance - High Polarization: 2200 watts at 28.0

volts

Table 9.1 presents some further details.

Figures 9.3 and 9.4 sh_ the voltage-current and power-voltage characteristics

corresponding to the four actual conservative design cases discussed. The first

of these four cases, 2200 watts, 31.7 volts (0.72 volts/cell and 69.6 amps

(53.1 amps/ft 2) is taken as the expected "design point" for the further process

parameter calculations presented in Section 9.7.
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TABLE 9. I

Performance Characteristics of Battery Designs

No. of Cells

Internal Battery
Resistance, ohms

Extrapolated Zero-
Current Voltage

Total Voltage

Voltage/Cell

Amps/Ft 2

Total Amps

Total Watts

Gms Reacted/KWH

First Pass
Design

4O

0.0848

34.7

_8.0

O.7O0

60.0

78.6

2200

480

Actual Conservative Design

E_ected Minimum Acceptable

Performance Performance

High Volts High Watts High Resis. High Polar.

44

0.0933

38. I

31.7

0.720

53.1

69.6

2200

466

44

0.0933

38.1

28.0

0.636

82.9

108.6

3040

522

44

0.1285

38.1

28.0

0.636

6O.O

78.6

2200

522

44

0.0933

35.3

28.0

O.636

60.O

78.6

2200

522

Assuming 100% Current Efficiency
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9.3 Battery Configuration

It would be relatively simple to build a stack of 44 single cells, each with

1.31 ft 2 of active area. A considerable increase in system reliability can,

however, be made by separating the battery into three seml-independent stacks

in parallel, each with 0.437 ft 2 of the active area. Each of these stacks

has a separate gas and electrolyte manifold. The 0.437 ft 2 of active area per

cell in each stack is less than double the 0.25 ft 2 of active area per cell

in the 10-cell battery built under the present contract. Scale-up problems

should thereby be inconsequential. The stacks of the 2-KWbattery are not

fully independent because a further increase in reliability is obtained by

Joining the equivalent collector plates of the three stacks.

The advantage of using Joint collector plates can be seen by considering an

example. Say Cell 6 of Stack A has failed for some reason and now presents a

high resistance to current flow. If the three stacks were independent (i.e.,

without Joint collector plates), this would effectively eliminate Stack A which

represents one third of the battery as a power-producting device. However,

the Joint collector plates permit current to flow from Cell A-5 through Cells

B-6 and C-6 and back to Cell A-7. Thus, only Cell A-6, representing less than

1% of the battery, is lost. There are additional slight debits, of course, in

that the increased current density now in Cells B-6 and C-6 will result in a

somewhat lower output voltage for these cells and in that there will be an IR

loss as the current flows down the collector plates from A-5 to B-6 and C-6

and back to A-7*.

F_act calculation of the debits incurred _s unwarranted at this time as they

would depend, inter alia, on:

1. E_e t_e _d axtent of tha cell failure as affecting local _]eotrolyte

flow.

2. The exact individual elec_crJcal characteristics of th_ failed _ell,

and of its _wo parallel nelghbcrs.

3. The exact electricsl characteristics of the six assemolages of cells

preceding and following the failed cell and its neighbors.

4. The exact electrical characteristic of the b_ttery load and its volt-

age regulation system, if any.
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However,it is felt that the debits do not outweighthe advantagesin system
reliability gainedby using three seml-independentstacks with separate flow

manifolds and Joint collector plates. The battery design will thus consist of

three seml-independent stacks, each withan active are of 0.437 ft2/cell.

9.4 Individual Component Design and Justification

The various components of the 2-KWbatteryare listed in Table 9.2. They are

discussed separately below.

9.4. i End Frame

The end frame is designed to exert a pressure of 290 psi over the gasket area.

This is an empirical value which was found to be adequate for the 5-cell bat-

teries. Over a gasket area of 69 square inches, this corresponds to a total

force of 20,000 lbs. The frame has been designed so that the members lle Just

over the gaskets in order to minimize the bending moments on the end block.

The end frames have the largest overall dimensions of all the components:

16-5/8" x 19-17/B2".

The end frames are to be bolted together with 20 inch pieces of 5/16" high

tension rod threaded for approximately 4 inches on either end wihh 5/16" NF

thread. Once the battery is assembled approximately 4 inches can be sawed off

one end of each of the rods. Elastic stop nuts are to be used to prevent the

nuts from vibrating loose while the battery is in transit.

9.4.2 End Block

Based upon experience in the assembly of electrodlalysls stacks, end blocks of

PVC, 1/2 inch thick, are needed to prevent distortions of the cell when the tie

bolts are tightened to the requisite tension. The half-inch thickness is deep

enough to hold the 1/2 inch PVC pipes which are to lead into the manifolds.

Rubber "insulators" provide elastic gasketlng between the PVC end blocks and

the terminal collector plates.

The block and frame construction is a relatively simple straight-forward tech-

nique for obtaining strength at low weight.

137



q..

0--

0

a.J

0

--4

E O"

-- _ ,..I" I_ _ CO I_ CO _ CO CO ...I" _ I
"I"

...... . . . .
_ooo-oooooooooooo

W

H-

u_

C

C
0

O.
E
0

l=)

w

U ,-

0_ _I _
J_

0 0 0 0 0 N 0 00 O0 -- CO _,_ xD 0

0 _ I I I -- I I
@d

0

I.

O_ _ C k.

uJ (:0 _ E
.-I I,,. :3

_ o

_ 0

_ _ _ 0

I I ! I
tI- h I I h h I

IAA .-,A

I I I I I I I I I /
14. 14. 14. 14. 14. h 14. 14. h h I
I I I I

._

=.1

>

°_

b
0

°_

0 _ N _

E

- o _, o o o ,.o o ,-'_

• -' I-- -_, :3 C :3 _ "_ _ _ C _ U') "_. C: ._' L

.c _ >- _ E .0 0 .o 0 0 _ ;-- -- 0 _ >" _ c

•-- > "-- _ 3 ............. • _ 0 "-- _; 0 0 u"
I-- _. -r ,,, .n z < Z _ z > > I-- _. -- > I-- O. _. _1

0
O.
E
0

f_

138



9.4.3 Collector Plates

As in the 10-cell battery, the pusher and collector plates are to be made of

niobium, also known as columbium. The voltages produced by cells with niobium

metalllcs were on the average about 2% higher than those produced by other cells.

This is not thought to be due to any difference in ohmic resistance of the metal,

but to the surface or contact resistance which is present during cell operation.

To minimize the IR drop which appears at a current density of 53 amps/ft 2 in the

terminal cells, the terminal collector plates are to be made of 20 mil instead

of l0 mil stock. This will halve the IR drop to an estimated 80 my. Also, the

current is to be collected in a 1/4" x 1/4" aluminum bar running the width of

the collector plate instead of using a corner tab contact which has been suf-

ficient in lower current devices.

9.h.4 Gaskets

The structure of the cell was arranged to keep gasket area to a minimum. This

is to limit the force necessary to seal the battery against leaks and thus to

simplify and lighten the end plate and frame construction. The total gasket

area of 69 in 2 for 1.31 ft 2 of active area can be compared with a gasket area

of 42 in 2 for 0.25 ft 2 of active area in the design of the 5 and 10-cell batteries.

In the 5-cell and 10-cell batteries, 8 mil Viton-Awith Dacron backing proved

entirely satisfactory with regard to dimensional stability and resistance to

acid attack, and will be used here.

The gaskets between the gas compartments and the collector plates are to be

cut away to a distance of one millimeter from the sides of the gas inlet and

outlet channels. This precautionary measure was taken after one of the 5-cell

batteries showed abnormally high gas pressure drops presumably as a result of

being operated a high temperatures during the taking of a polarization curve.

The gasketing material was found to have expanded into the gas channels, al-

most completely blocking them.

To avoid blocking the manifolds, the holes through the gaskets are to be made

slightly larger than the manifold holes in the collector plates.
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9.4.5 Gas Compartments

The materials study suggested three plastics for use In the compartment manu-

facture; Halon, Penton and Teflon. Halon was never evaluated because of the

inordinately long delays In manufacture of acceptable sheet stock. Penton and

Teflon both proved entirely satisfactory in testing. Teflon was selected as

the compartment material because of its availability and better machining

characterlstics.

The thickness of the gas compartment is to be reduced to the readily available

31 mils (1/32") from 62 mils (1/16"). For a battery containing 88 gas compart-

ments, this results in the battery being thinner by 2.7 inches which is a sub-

stantial saving, and reduces the weight by 14.6 lbs.

The inlet channels have been dimensioned to glve a pressure drop at rated gas

flow of 40 mm of water on the hydrogen side and 50 mm of water on the oxygen

side. These numbers are twice the experimentally determined pressure drops

necessary to insure good gas distribution.

9._.6 Electrodes

The standard sintered Teflon formulation is to be used. The recipe for a 15-

5/32" x _-i/2" electrode Is given below:

Mix B_ grams of platinum black wlth 2.37 grams to Teflon dispersion

in water. Add 3._ grams of reagent grade magnesium oxide (MgO) and

stir. Add distilled (or deionized) water to make a workable paste.

Spread on 90% platinum-lO% rhodium mesh. Dust with MgO, wrap in

aluminum foll and press at 5,000 psi and 650-700°F for 5 minutes.

Remove electrode from aluminum foll with care and place in warm sul-

furic acid to dissolve MgO. Rinse electrode in distilled water and

dry at llO°C.

J. Bishop & Company, Malvery, Pennsylvania, supplier

American Durafilm, Newon, Massachusetts, Type 852-201

J. Bishop & Company, 80 mesh, 3 milwlre
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Before the cell canbe assembled,the electrodesare to be tested in a single
cell. Only those electrodesmeetinga minimumcell performanceof 0.636volts
@60.0 amps/sq,ft. shouldbe usedin the battery. (SeeTable 9.1). Anelec-
trode that hasperformedpoorly on the oxygenside, however,is usually a
satisfactory hydrogenelectrode.

Thepresent plan is to use a three or five-cell battery in whichto run the
electrodes for a period of 24-28hours. Duringthis time the operating voltage
is to be recorded. After this test the hydrogenandoxygenconnectionscanbe
reversedandthe three or five formerhydrogenelectrodes canbe tested as oxy-
gen electrodeswithout disassemblingthe battery. A total of 132satisfactory
oxygenelectrodesmustbe obtained.

9.4.7 Membranes

The membrane study, reported in the Seventh Monthly Report, indicated that of

seven different membranes checked for resistance and liquid transport, the

Ionics 61-AZG, glass-backed, and 61-AZL, dynel-backed, were most worthy of

further consideration. At the end of the 5-cell battery runs, the conclusion

was supported by the very good performance of the lO-cell battery.

As a departure from previous practice, the membranes are to be insulated from

the manifolds by further grommets. This presents two advantages. The membranes

are not in direct contact with the common acid feed system which reduces the

current leakage considerably. Second, experience has demonstrated that it is

almost impossible to make a clean cut through the membrane particularly with

a small radius of curvature. There are invariably small thread ends sticking

out into the manifold which represent a hazard in that they may possibly fray

loose and then become lodged in an electrolyte port. Grommeting should prevent

this ever happening.

9.4.8 Electrolyte Compartments

For reasons mentioned above, the electrolyte compartments are also to be made

of Teflon. The lO0-mll thickness was retained from the design of the 5 and 10-

cell batteries because the compartments are connected to the manifold header by

small drilled holes and it is impossible to drill holes of adequate size through

material much thinner than 0.100 inches. Development of other reliable means
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to connectelectrolyte compartmentsto headersrather than using drilled holes

should permit a saving in compartment thickness. However, in keeping with the

basic conservative philosophy of this design, proven components have been

specified.

The inlet holes h_ve Leen designed for an electrolyte pressure drop of 200 mm

of water. This was found sufficicnt for adequate liquid distribution in the

mu3tiple-cell battery tests.

Since the electrolyte compartments have the smallest open area of the cell

compartments, this defines the "active area": 1.31 ft _ per set of 3 parallel

cells in the present design. The height to width ratio of each individual

compartment has been reduced in the new design. The width of a single com-

partment has been almost doubled (to 4-1/4") while the height is almost the

same (15"). However, the height is still considerably greater than the width

so no significant difficulty is expected due to dead corners".

The arched top in the compartment is to facilitate the removal of ga_ bubbles

during the filling procedure.

9.4 _ _!esh Filler

The filler to be used in the electrolyte compartments is type 6027-!-1 Trilok

(73% pol_y_ropylene, 27% polyethylene). The configuration will be analagous

to that used in the lO-ce]l battery. Two rectangular pieces, 1/8" smaller than

the inside dimelJsions of the compartment_ are placed back to back after the blue

threads have been r_moved to improve flow distribution.

Uncompr_ss_d:

Uncompressed:

175 mils _J _ _. _ _'_ _ _ "l Membrane

i Membrane

The sketch above showing an end view suggests the support which this offers to

the membranes. Considerable force is required to compress the two layers of

Trilok, each of which has a maximum thickness of 175 mils when uncompressed,

to a total thickness of less than the ll6 mils occupied by the compartment and

gaskets.
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9.5 Overall Batter_T Dimensions

9.5.1 Batter_T Area

Maximum dimensions of all components except end frames and terminal collector

plates:

15-3/8" x 18-9/32" = 281 sqaure inches

Maximum dimensions of terminal collector plates:

15-3/8" x 19-21/32" = 303 square inches

Maximum dimensions of end frames:

16-5/8" x 19-17/32" = 324 square inches

9.5.2 Batter_ Depth

The thickness of an individual assembled set of three parallel cells can be

calculated as follows:

Mils

Collector Plate l0

Gasket (Compressed) 7

Gas Compartment 31

Gasket (Compressed) 7

Membrane 22

Gasket (Compressed) 7

Electrolyte Compartment 100

Gasket (Compressed) 7

Membrane 22

Gasket (Compressed) 7

Gas Compartment 31

Gasket (Compressed) 7

TOTAL REPEATING UNIT 258 mils
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Theexactamountof compression occurrlngwill have to be determined experi-

mentally.

Set of 44 cells including terminal collector plates:

44(258) + 3o = 11,382 mils

Assembled battery:
Inches

Cells 11.38

End Blocks 1.O0

End Frames 4.00

TOTAL DEPTH 16.38 inches

9.5.3 Battery Volume

The total volume occupied by the cells, end blocks, end frames, nuts, and bolts

is approximately 2.12 cubic feet. The exact volume will depend upon the amount

of compression actually occurring in the gaskets.

9.5.4 Batter[ Weight

As detailed in Table 9._the filled weight of the battery is approximately 315 lbs.

9.6 Batter[ Assembly

To facilitate and expedite assembly, it is currently intended to preassemble

some of the components. Two "sandwiches" are contemplated for each set of 3

parallel cells. One will be a three-component sandwich consisting of the

electrolyte compartment and its two adjacent gaskets. The other will be a

seven-component sandwich consisting of a collector plate in the middle flanked

on each side by a gasket, a gas compartment and another gasket (four gaskets,

two gas compartments and a collector plate in all). These "sandwiches" will

each be preassembled by spot-gluing sufficiently to permit handling as a unit

during the actual assembly of the battery. A diluted commercially available

neoprene cement is currently scheduled to be the gluing agent.

The battery is to be assembled on a Jig consisting of four stainless steel
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line-up posts whichwill go throughthe manifoldsin the four corners. The
post in the upperright handcorner is to haveonly a slight clearance. A
post of 5/32" diameterwill provide 1/32" clearance. Theother posts will
have1/16" clearance, i.e., 7/16" diameter.

Thebottomendframeandendblock will beplacedon the rig first, the other
componentsthen proceedingin order. A check-off list is to be maintained
simultaneously,eachpart being noted as the assemblyproceeds. This technique
hasbeenvery successful in the past for preventingthe omissionor misplace-
mentof a componentfrom a many-componentassembly.

Whenthe cell is assembled,the bolts will be tightened using a torque wrench.
Therequisite torque mustbe determinedexperimentally;however,it shouldbe
on the order of 200Inch-lbs., whichhasbeensatisfactory for multl-cell bat-
teries.

9.7 Battery Process Parameters

The process parameters will be based upon the expected battery characteristics

shown in Figures 9.3 &9.4. It is assumed that 2200 watts will be drawn from the

battery at 31.6 volts and 69.6 amps, i.e., at a current density of 53.1 amps/ft 2.

9.7.1 Gas Rates

(44 cells) (69.6 amperes)
Hydrogen consumed = (26.8 amp-hr/eq)(2 eq/mol)

= 57.2 mg-mol/hr = 1280 STP liters/hr

Oxygen consumed = 28.6 gm-mol/hr = 640 STP liters/hr

Since the accumulation of liquid in the gas compartments precludes "dead-ended"

operation of the battery, a choice must be made as to the recycle rate. Re-

cycle rates as low as four times the consumption rate have proven successful.

(See Section 6.0&7.0 of this Report). The balance of the calculation is done

assuming 25% utilization of feed. In practice adjustment of this parameter is

a convenient method of obtaining the desired pressure drop across each cell.
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Thus, the inlet and outlet rates are fixed:

Hydrogeninlet rate
Hydrogenoutlet rate
Oxygeninlet rate
Oxygenoutlet rate

5120STPllters/hour
3840STPliters/hour
2560STPliters/hour
1920STPliters/hour

Battery operationat 20psia is envisaged,although satisfactory performance
shouldbeobtainedat pressuresanywherein the rangeof lO to 35psia.

9.7.2 Heat Load

For the reaction, H2(g ) + 1/202(g ) -_- H20(1), the enthalph change is _H ° =

-68,320 cals per gm-mol H2 reacted at 25°C. The actual reaction in the battery

is to occur at around 60°C and the product water will be dissolved in 6N H2SO 4.

For present purposes corrections to the value of_H ° given above are not

warranted.

Total enthalpy change (57.2) (68,320) : 3.91 x lO 6 cals/hr

Electrical work (2,200) (3,600/h.18) = 1.89 x lO 6 cals/hr

Heat rejection from reaction = 2.02 x lO 6 cals/hr

9.7.3 Electrolyte Circulation Rate and Temperature Rise

The ten-cell stack worked satisfactorily at an electrolyte rate of 30 ml/min.

at a current of 6 amperes. The equivalent rate for the 2-KW battery is:

(30) (_)( _ )= 1,530 ml/min

Electrolyte Normality - 6N

Weight Percent H2S04 - 25%

Specific Gravity 60/60°F - 1.18

Specific Heat - 0.81 cal/gm°C

(almost independent of temperature between 30°C and 90°C)
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(2.02x lO6)
Temperature rise: (1,530)(i.18)(0.81)(60) = 23"i°C

Optimization of electrolyte flow rate will depend on total system considerations.

9.7.4 L_i_uid Removal Rates

Experiments havo shown that at 53.1 amps/ft 2 and 60°C, the hydrogen stream

passing through a cell using 6N H2SO 4 as elactrolyte-coolant removes 7.45 ml

of 6NH2SO 4 per hour per square fcot of ceil while the oxygen stream removes

9.45 ml of 4.3NH2S04 (See Section 6.0 of this Report).

For the 2-KWbattery (44 cells of 1.31 ft2), this ccrresponOg co:

9.8

H 2 Stream: (7.45) (44) (1.31)/(60) = 7.1 ml/min 6N H2SO 4

02 Stream: (9.45) (44) (1.31)/(60)= 9.1 ml/min 4.3N_H2SO4

Areas for Possible Improvement

This de3ign is based on a very conservative philosophy: the design of all

ccmponents involves only very minor changes from the present proven state-of-

the-art. Considerable improvements in weight, volume and cost should be ob-

tainable after a reasonable amount of further development effort. Some of the

p_3sible areas of improvement follow.

9.8.1 Electrolyte Compartments

This design calls for compartments lO0 mils thick to permit drilling of inlet

snd _Jhlet ports. Thinner compartments with milled channels covered with suit-

able covez p]ates should be dev_lopable_ The total thickness should be reducible

to 50 mils which would represent a saving of 50% of the weight of electrolyte

compartment, electrolyte and mesh fi]ler or a saving of 37 lbs representing 12%

of the battery weight.

9.8.2 Electrodes

Present electrodes contain 84 grams of platinum black per square foot giving

a total of 21.4 pounds of platinum black for the 2-KWbattery. it should be
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possible to reduce the platinum content of oxygen electrodes by a factor of at

least 2 and of hydrogen electrodes by a factor of at least 6. This would re-

present a saving of 14.3 pounds of platinum black.

9.8.3 Pusher and Collector Plates

Present plates are 10-rail thick in oI_er to maintain adequate "sprlngine_s".

The supplicr(Kaweckl Chemical Comp&uy) feels that with suitable mechanical

treatment, equivalent springiness can be obtained from 5-roll stock. This

change would represent a saving of 45.8 pounds.

These examples of possible weight savings should be cumulative, i.e., amount

to 97 pounds or more tha_ 30_ of the battery weight.

9.8.4 Performance Improvements

In addition to the weight savings discussed above, it is likely that significant

performance credits should be attainable. Preliminary experimental results have

shown that temporarily depriving the oxygen electrode of oxygen while under load

will decrease the cell electrode polarization by about 70 my when oxygen feed is

restarted. Polarization increases thereafter at approximately 2 my/hr. (See

Test and Inspection Report, lO-Cell Battery, July 17, 1963, sl_mitted as part

of this program). It is apparent that intermittent oxygen deprivation, on the

order of once every 12 hours or so, _ould lead to average cell polarization levels

well below those listed for the "steady state" case discussed: an average extra-

polated zero current voltage of 0.925 volts/cell should be attained instead of

0.867 volts/cell. This would correspond to a gross time-average battery power

of 3780watts for this "2-KWbattery". Further systems analysis of the expected

power demand profile should show what the optimum schedule of oxygen deprivation

either of the entire battery or of one separated module at a time would be.
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i0.0 Conclusions and Recommendations

lO.1 Conclusions

The conclusions drawn from this study have been grouped according to the general

aspects of the work performed:

1. Materials Testing

2. Battery Performance and Effect of Operating Parameters

3. Ten-Cell Demonstrator Battez_

4. 2-KWBatteryDesign

lO.l.1 Materials Testing_

At least one material, and sometimes more than one, was found for each of the

fuel cell component requirements. The materials which are satisfactory for

service in 6N H2S04 at temperatures up to 95°C are:

1. Metallic:

2. Membrane:

3. Elastomer:

4. Compartment Plastic:

5. Spacer Mesh:

platinum, zirconium, niobium

Ionics cation resin 61-AZG

Dacron-backed Viton A and Butyl rubber

Teflon, Kel-F, Penton, Halon TVS-500,

ADM Arapel-7250, Hetron 92, Hypol 4050,

Atlac 382

Trilok 6027-1-1

No difficulties are therefore expected in meeting the material requirements of

dual membrane fuel cells.

10.i.2 Battery Performance and Effect of 0peratin_ Parameters

The current Dual Membrane Fuel Cell design for single cells or multiple cell

batteries permitted extended operation greater than lO00 hours under constant

or variable load. The preferred components are listed below.

1. Electrodes: Platlnumblack bonded to platinum gauze with the aid

of sintered teflon.
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2. Membranes: lonlcs cation resin 61-AZG glass-backed sulfonated

polystyrene

3. Pusher and Collector Plates: Niobium sheet stock suitable stamped.

4. Compartment Frames: Any of the plastics found acceptable in the

materials testing program. Teflon has a slight

edge on the basis of ready availability and easy

machlnabillty.

5. Gaskets: Dacron-backed Viton-A.

Performance at 60°C of a battery containing niobium metalllcs can be character-

ized by an average voltage of 0.78 volts/cell at 24 amps/ft 2, a specific con-

ductance of 360 mhos/ft2-cell and a peak power density of 64 watts/ft -cell.

Variations existed between cells presumed to be primarily due to oxygen electrode

variations. With Judicious selection of oxygen electrodes, the average cell

voltage should be raised to at least 0.8 volts/cell at 24 amps/ft 2.

Decreasing temperature lowers the voltage attainable at a given current density

and increases the specific conductance. Lowering the temperature from 60°C to

20°C decreases the specific conductance by as much as 50 mhos/ft 2 and lowers

the extrapolated zero current voltage by lO to 20 my.

Electrolyte normality, gas flow rates and small changes in pressure level (5

to 15 psig) have no noticeable effect on battery electric performance. Gas

pressure drops can be kept quite low, on the order if 25 mm H20 , without ad-

versely affecting gas distribution among the cells of a battery.

Electrolyte normality has a pronounced effect on the amount of liquid transported

across the ion-exchange membranes. At 20°C, the quantities involved are given

by the relations:

Liquid transported across H2-slde membrane = 0.0022 Ne 2 gms/amp-hr-cell

Liquid transported across 02-side membrane = 2.9 Nm'2 gms/amp-hr-cell
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whereN is the electrolyte normality andN is the "membrane"normality, i.e.,e m
the geometricmeanof the liquid normalities on either side of the oxygen-side
membrane.For 62 electrolyte anda current density of 24amps/ft2_these ll-
quid rates correspondto 1.9 gms/hr-ft2 of cell on the hydrogenside and2.3
gms/hr-ft2 of cell on the oxygenside. Operationat 60°Cinstead of 20°Capprox-
imately doubledthese liquid rates.

lO.1.3 Ten-Cell Demonstrator Batter_

The lO-cell battery built and delivered under this contract maintained an aver-

age voltage of 7.78 volts at the required current of 6 amps (24 amps/ft 2) at

a temperature of 20°C. Electrode rejuvenation by temporary oxygen deprivation

increased the voltage to 8.5 volts at 6 amps but this higher voltage dropped

back slowly at the rate of approximately .02 v/hour. At the design voltage of

6.8 volts the battery delivered a current of 18.8 amps and a power output of

128 watts while in the metastable rejuvenated condition. The corresponding

values for the stable unrejuvenated condition were calculated to be 15 amps and

102 watts at the design voltage of 6.8 volts.

10.1.4 2-KW Battery Design

The 2-KW (net) Fuel Cell Battery designed under this contract was designed on

a very conservative basis. The expected electrical performance characteristics

have all been demonstrated in dual membrane fuel cell batteries. The individual

cell compartments are less than twice as big as the current cells_ holding pos-

sible scale-up problems to a minimum. The specification of three semi-independent

modular stacks provide for a high degree of reliability.

10.2 Recommendations

Three lines of continued effort appear worthwhile:

1. Construction of the 2-KW Battery designed under this contract.

2. Further engineering development aimed at decreasing the weight

and volume of dual membrane fuel cell batteries.
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. Further laboratory development aimed at decreasing oxygen-slde

electrode polarization, increasing cell specific conductance and

decreasing liquid transport across the membranes.

Thes_ three lines of _ffort can b_ pursued either simultaneously or serially.

They are discussed in some further detail below.

10.2.1 Construction of 2-KW Battery

The design presented in Section 9.0 of this report should lead to an excellent_

reliable H2/O 2 fuel cell battery.. No technical stumbling blocks to the real-

Ization of at least 2000 watts (net) at least 28 volts are foreseen. Construc-

tion of the battery would not only provide a working prototype of a fuel cell

battery in the important low-kilowatt range but also provide an opportunity to

discover and resolve any unforeseen difficulties. The design is sufficiently

flexible so that engineering improvements recommended as a result of a possible

parallel engineering development program could most probably be incorporated in

the battery under construction.

10.2.2 En$ineering Development Program

The present 2-KW Battery design is very conservative and relies on components

proven in extensive testing. Significant weight, volume, and platinum cost

reductions should be achievable after some additional engineering development

work. Typical areas of possible _mprovem2nt are detailed in Section 9.8 of

this report.

10.23 L_bor_tory Development }'rogram

Furt_.er laboratory Investigations of electrode formulations not requiring a

h_gh te_per%¢u_e sintering _tep could le_d to oxygen electrodes with lower

po_%r_zPt_ons. The use of po!jethylene instead of teflon as a binding and

_ate_prooflng "gent is one likely avenue of approach.

The further development of electrodes formed directly on the ion-exchange mem-

brane could conceivable increase the specific conductance of the cells.
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A moredetailed study of electrode rejuvenationeither by oxygendeprivation
or by electrical forcing (imposingmomentarilya reverse potential on the
battery) could lead to large gains in overall battery performance.

Developmentof separatespecific ion-exchangemembranesfor the hydrogenand
the oxygensides shouldlead to overall minimizingof the liquid transport
across the membranes.Thehydrogenside needsa rather thick membranewith
very high ion-exchangecapacity to presenta successfulbarrier to anion trans-

port. Theoxygenside needsa thinner membranewith a lower H20diffusion
resistance to facilitate the movementof the water formedon the electrode side
back into the electrolyte. Suchspecific membranesare felt to be developable.
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PARTII
OSMOTIC STILL DEVELOPMENT

1.0 Introduction

The dilution of the acid electrolyte with water during the operation of the

dual membrane fuel cell requires that this byproduct water be continuously

removed from the circulating electrolyte system. When fuel cells are employed

as a source of auxiliary power in manned space vehicles, the water removed

must be of a purity suitable for human consumption. Further, the method of

removal of water from the electrolyte must be applicable to a zero gravity

environment.

Earlier experiments at TRW indicated that the osmotic phenomena of semipermeable

membraues could be utilized for water separation at rates sufficiently high for

fuel cell applications.

One of primary objectives of the NASA program described in this report was to

design and test a water separation unit with the separation capacity equal to

that required for a nominal 2 KWfuel cell. The program to accomplish this

objective was divided into two major efforts: (1) the experimental study of

water removal rates of various types of membranes under controlled conditions

of temperature, pressure and acid concentration and (2) the design, fabrication

and" 100 hour endurance test of an osmotic still unit with a water separation

capacity equal to the water generation of a nominal 2 KWH 2 - 02 fuel cell

battery. (Approximately 2 lbs/hr.)
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2.0 Summary

Anexperimentaltest programwasperformedto determinethe suitability of
commerciallyavailable ion-exchangemembranesandother componentmaterials
for incorporation in a water extraction unit (OsmoticStill). A water extrac-
tion unit with a water separationcapacity from 62 sulfuric acid equal to that
required for a nominal2 KWdual membranefuel cell (2# H20/_) was designed,

fabricated and successfully tested.

Membranes and porous materials tested for water separation performance during

the experimental phase of the program were:

1. Ionics Inc. membranes (CR-61) and (AR-111A)

2. American Machine & Foundry membranes (C-60), (C-I03-C) and (A-60)

3. Ionac Company membranes (MC-3142), (MA-3148), (XLMC-3235) and

(XLMA-3236)

4. E. S. B. Reeves Company porous Teflon and porous polyethelene

Ionics membranes were unsatisfactory due to membrane cracking and subsequent

liquid leakage. Ionac membranes and the porous materials were unsatisfactory

due to liquid leakage. Good durability was exhibited by all of the American

Machine & Foundry membranes and water extraction rates were obtained for these

membranes from Sulfuric acid solutions up to 200°F. The AMF C-60 membrane was

far superior to the other AMF membranes in that its water extraction performance

exceeded the others by more than 2 to 1. Test with this membrane indicated

that extraction performance is a strong function of acid concentration; for

example, the maximum extraction rate obtained from a 200°F, 15.2% H2SO 4 con-

centration was 320 cc/hr/ft 2 compared to 160 cc/hr/ft 2 obtained from a 200°F

25.2% H2SO 4 concentration.

These membrane performance tests along with related material evaluations led

to the selection of the followingmaterials for the 2 KW osmotic still components:

i. Membranes:

2. Membrane Supports - Vapor Cavity:

3. Membrane Supports & Flow Distribu-

tion - Acid Cavity:

AMF cation C-60

Kel-F coated monel screens

Trilok Fabric - (Style D-59633-C)

(Polypropylene & polyethylene)
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4. End Plates & Cavity Rims

5. Gaskets

Polyvinyl Dichlori_

Viton A- Synthetic Rubber

The RK Osmotic Still was tested continuously for lO0 hours and the design water

extraction rate of 2 lbs/hr of pH 5 or above from 6N H2SO 4 at 195°F was ob-

tained d_ing this test.

_±su_l inspection of the still component _aterials at the completion of the

lO0 hour test found all components intact with little or no evidence of

material corrosion or failure which would limit performance or operational life.
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3.0 Principles of Operation

3.1 Osmosis & Semipermeability

'The basic principle employed in the osmotic sti]l is the phenomena of osmosis

and semipermeability. Osmosis may be defined as the spontaneous flow of water

into a solution, or from a more dilute to a more concentrated solution, when

separated from each other by a suitable membrane. The essential property of

these membranes is that they allow free passage of the water or solvent but

not of the dissolved substance or solute. Such a me_orane is termed a semi-

permeable membrane.

Although there have been several theories advanced as to mechanisms involved

in osmosis and semipermeability, it is generally recognized that there may be

no one explanation covering all instances of semipermeability and osmosis. The

surface of a solution consisting of a non-volatile solute in a volatile solvent

is a semipermeable membrane, since it allows free passage of the solvent mole-

cules from the surface in the form of vapor while the solute is held in the

liquid. Yet the mode of operation of this membrane may be considerably different

from that of animal and vegetable membranes. However, it is well known that

primary variables effecting osmosis are vapor pressure, solution concentration,

static pressure, and temperature.

3.2 Method of Water Separation

The method employed for water separation from an acid electrolyte utilizing

ion exchange and non-ionic membranes is best described by referring to Figure

3.1.

Figure 3.1-A shows a closed container divided into two cavities by a semipermeable

membrane. One cavity contains a sulfuric acid solution and the other cavity

contains only water vapor. When the two cavities are in thermal equilibrium

the vapor pressure in the water vapor cavity equals the water vapor pressure

at the surface of the acid saturated membrane. Ideally, this vapor pressure

is the same as the water vapor pressure of the acid solution. When the water

vapor pressure is reduced in the vapor cavity by the removal of water vapor as

shown in Figure 3.l-B, a vapor pressure gradient is established between the
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membrane surface and the vapor cavity resulting in water evaporation from the

membrane surface. The heat for vaporization is supplied by the acid solution

and a temperature gradient is established between the acid bulk and the vapor

side of the membrane. Since water is being removed from the vapor side of the

membrane an acid concentration gradient is established across the membrane.

This concentration gradient across the membrane results in water flow by osmosis

through the membrane from the acid solution to the vapor side of the membrane.

When water vapor is continuously removed from the vapor cavity at a constant

rate and acid_ at a given concentration and temperatur% is circulated through

the acid cavity, the various gradients are established as shown in Figure 3.1-B.

The hydrodynamic liquid flow through the membrane by virtue of the static pres-

sure difference between the two cavities is virtually zero due to the extremely

small pores in the membrane. Extremely high pressure differences can be tol-

erated without hydrodynamic leakage.

The membrane then serves as a barrier between the t_o cavities and is a static

liquid-vapor interface independent of gravity.

The liquid-vapor interface imposed by the membrane is of course an imperfect

interface since it introduces additional heat and mass transfer resistance

between the two cavities.
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4.0 .Experimental Evaluation of Membranes

4.1 Method of Membrane Testin_

Since the heat and mass transfer characteristics of various membranes is un-

known, emperlcal evaluation of the water separation capacity was accomplished

by measuring the water separation rate while controlling the temperature,

pressure and concentration of the sulfuric acid and controlling the vapor

pressure on the vapor side of the membrane.

4.2 Experimental Test Unit

An exploded cross section of the circular experimental test unit used in the

evaluation of membranes is shown in Figure 4.1. The single gas cavity is con-

tained by a vapor housing and two membranes with a total separation area of

0.426 ft 2. The gas cavity is flanked on both sides by an acid cavity contained

by the acid housing walls of the test unit. This arrangement prevents conden-

sation in the vapor cavity due to external heat loss which would result in

uncontrolled vapor pressures.

Since the acid static pressure is at atmospheric pressure or above and the

vapor pressure is a partial vacuum, the membranes were supported in the vapor

cavity by two perforated plates which were separated by spacers. Between the

perforated membrane support plates and the membranes, a screen mesh or matrix

was used to achieve maximum effective separation area and to permit lateral

vapor flow to the holes in the perforated support plates. The support plates

were not anchored to the vapor cavity rim but were floating and held in place

only by the membranes. This allowed matrices of various thicknesses to be

tested merely by changing the support plate spacers. Hypalon rubber gaskets

were used on both sides of each membrane. The entire assembly was bolted to-

gether with 1/4" bolts.

The material used for construction of entire test unit, with the exception of

the gaskets, membranes, and support matrices was polyvinldichlorlde. Figures

4.2 and 4.3 are photos of details of the experimental test unit.
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Figure 4.3 Photo of Experimental Test Unit Osmotic Still - Assembled 
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4.3 Experimental Test Rig

4.3.1 Description and O_eratlon

The test rig used for the experimental testing is shown schematically in Figure

4.4. The acid electrolyte, heated and maintained at test temperature was cir-

culated through the test unit with a parastaltic acid pump. The acid loop was

with argon at the acid reservoir and this pressure (P2) was measuredpressurized

directlywith a standard mercury U tube monometer. The acld flow rate was mon-

itored wlth a rotometer tube utilizing a tantalum float. Acid concentration

was maintained by periodic injection of distilled water into the acid reservoir

from the water supply flask. Water vapor leaving the vapor cavity of the test

unit was condensed in a water cooled pyrex condenser and drained into a measuring

flask. Water vapor pressure (P1) was measured at the upper end of the test

unit with a U-tube mercury manometer. Both the vapor leg of the manometer and

the vapor line between the test unit and the condenser was heated above acid

temperature to insure that condensation occurs only in the condenser. The

water vapor pressure was controlled by controlling the temperature of the cir-

culated cooling water flowing through the condenser Jacket. The vapor cavity

in the test unit and the vapor side of the system was connected to a vacuum

pump for initial removal of noncondensable gases and for periodic purging of

non-condensibles. The test unit was mounted with the vapor exit port at the

bottom to allow any acid leakage to drain directly into the condenser permitt-

ing immediate leak detection. Also, vertical orientation of the membranes

demonstrates water separation independent of gravity.

The test unit, heated reservoirs, and all hot lines were insulated to minimize

external heat loss.

Acid temperatures T I and T2 and cooling water temperature T 3 were measured with

calibrated mercury in glass thermometers immersed in the flowing fluid streams.

Temperatures T4 and T 5 were measured with mercury in glass thermometers intimately

attached to the two acld outlets from the test unit. These temperatures were

monitored only for detection of unequal flow in the two acid cavities in the

test unit.
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Temperatures T 6 and T7 were Weston dial thermometers attached intimately to

the heated vapor lines.

Heating of the acid solution and the condenser cooling water was accomplished

by variac controlled hot plates. Heating of vapor lines was accomplished by

variac controlled strip heaters wrapped around the vapor lines.

4.4 Test Procedures and Results

4.4.1 Membrane Tests

Tests were performed on a total of nine types of commercially available ion

exchange membranes from Ionlcs, inc., Ionac, and American Machine and Foundry.

In addition, tests were conducted on two types of non-lonlc porous materials.

Table 4.1 lists the ion exchange membranes and their properties as compiled

from the manufactures' literature. Test procedures and results of these mem-

branes test are presented in the following subsections.

4.4.1.1 Ionics Inc. Membranes

Several performance tests with lonics cation CR-61 and anion AR-IIIA membranes

were performed in the test unit. Each of these tests ended in membrane failure

due to membrane cracking and subsequent acid leakage.

The initial test was with cation membranes and with water used in place of the

H2SO 4 solution. As a vacuum was slowly drawn on the vapor side of the test

unit, periodic leakage of water into the condenser indicated membrane failure

at the onset of the test. Inspecti_n of the membranes after dismantling of

the test mlit revealed excessive crecking along the gasket edge of the membrane

and considerable sagging of the membrs_e to-_srds the vapor cavity as well as

crackling _er th gaskets. Mod_f_cetions to test unit prior to the next test

incladed reeking closer fitting support lla_es to give better support at gasket

edges s_d also trimming gasket I.D. 's to eliminate interference with the spacer

material.

Cation membranes, after soaking in 25% H2SO 4 for approximately 118 hours, were

tested in _he test unit for approximately 4-1/2 hours with H2SO 4 temperature
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held at 175°F and the vacuum on the vapor side held at 48 cm Hg. Water condensed

had a pH of 1 indicating leaks. Inspection of membrane showed membrane sagging

towards the vapor cavity with small cracks in the center. The membranes also

had cracks under the gaskets with bolts tightened to a torque of 50 inch-pounds.

Anion membranes were installed in the test unit and tested under the same test

conditions as above, except bolt torque was reduced to 35 inch-pounds. Again_

these tests were unsuccessful due to the same type of membrane failure as in

the previous tests.

Modifications in the test unit included replacement of Trilox spacer material

with Monel screens (12 mesh .032 in. D. wire). Cation membranes were installed

with bolts tightened to 25 inch-pounds.

Testing of cation membranes with H2S04 temperatures of only 78°F resulted in

acid leakage into the condenser with up to 72.6 cm Hg vacuum on vapor side of

membranes.

Inspection of membranes indicated no sagging at all in the membrane surfaces

but cracks were visible.

Previous tests were run with the membranes either soaked in 25% H2SO 4 prior to

installation or installed with only water soaking. Two more membrane tests

were conducted but membranes were first progressively soaked in 10%, 20% and

25% H2SO 4 for approximately 30 minutes in each solution to eliminate possibility

of cracks due to rapid shrinking of the membrane upon exposure to more concen-

trated solutions. Both membrane tests produced water with a pH of 1 and upon

removal of membranes from the test unit, inspection showed small cracks in the

center of the membranes.

Due to the fact that membrane cracking and subsequent leakage could not be

eliminated, testing with Ionics membranes was discontinued.

4.4.1.2 American Machine & Foundry Membranes

Initial tests with three sets of AMF C-60 cation membranes were made at acid

temperatures ranging from 70°F to 200°F and with a maximum test duration of
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13hours over a period of three days. Throughoutthese tests condensatesamples
weretaken eachhour. In eachtest condensatesampleshada pH_ or less in-
dicating acid contaminationof the condensate.Uponexaminationof the membranes
after the tests3 no cracksor defects werefoundby visual inspection or by leak
detection tests with a cationic dye. Themembraneswerein excellent condition
and appearedto be extremelyflexible anddurable.

Thefailures of tests to obtain waterwith a pHrating above4 without evidence
of membraneleakagelead to suspicion that an unknownmembranebehavior was
taking place which resulted in contaminationof the condensatewater with acid.
Therefore, a test wasset upwith anAMFcation membranesuchthat a visual
observation of the membranewaspossible during operation. This test revealed
that uponintroduction of acid at roomtemperaturein the acid cavity of the
test rig 3 the exposedface of membranestarted to evolve liquid droplets of
pH i. Theevolution of droplets wasexcessiveenoughto causevertical liquid
runs on the membranesurfaceand collection of liquid at the bottomof a test
unit. Increasing acid temperatureproduceda drying effect on the entire sur-
face of the membrane.Oncethe surfacewasdry, the application of acid sol-
ution to the membraneon the vapor side inducedthis "sweating" in the area
aroundthe point of application. Application of pure water on the dry membrane
surface producedno "sweating"but in a short time drying would result at the
point of application.

As a result of this test, it washypothesizedthat the failure of the previous
tests to producewater of higher purity wasdue to the wet surface of the mem-
braneon the vapor side uponinstallation in the test unit. Uponinstallation,
the acid on the vapor side of the membrane"wetted" the bare monelscreensup-
port anduponacid introduction to the test unit, sweatingoccurredat the mem-
brane surfaceand the acid accumulatedin the wettedscreenmatrix. This acid
continuouslymigratedto the condenserresulting in contaminationof the con-
densate.

Toprevent the occurrenceof this sweatingphenomena,the monelscreensupports
were coatedwith a non-wettingmaterial (describedlater in Section 5.0) to
provide a non-wetting surfaceon the screensupport andto protect the support
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screens from acid attack. Also, before membrane installation, the vapor side

of the membrane was thoroughly wiped with an absorbent cloth to remove all

liquid from the membrane surface.

Subsequent performance tests with A-60, C-60 and C-103 membranes were completed

with 25% acid temperatures ranging from 125°F to 200°F and with various vapor

pressures.

Performance comparison indicated that the C-103 and A-60 membranes were inferior

in water extraction rates to the C-60 membrane and testing of the C-lOB and

A-60 membranes was discontinued.

Performance tests with the C-60 membrane were concluded with several tests

at 15% 25%, 40% and 60% acid concentrations and with acid pressures of 0,

26, and 32 psia.

Figure 4.5 shows the performance test results of all the AMF membrane tests.

The data is plotted with water extraction rate versus the vapor pressure

difference between the vapor pressure of the acid solution at the test temper-

ature and the vapor pressure maintained in the test unit. The data is presented

in this manner to permit a simple comparison that includes all of the pertinent

test variables. These results are listed in tabular form in Table 4.2.

4.4.1.3 Ionac Membranes

The initial test with the lonac MC 3142 membrane material was made in the test

unit after the membranes had been soaked in 180°F water for four hours as

recommended by the Ionac representative. Upon initial evacuation of the vapor

chamber prior to acid heatup, the membrane leaked acid excessively with a

vacuum of only 20 cm of mercury. Upon removal of the membrane from the test

unit, inspection showed no rupture in the membrane. It was therefore decided

to perform leakage tests outside the test unit on all the Ionac membranes be-

fore cutting and installing membranes in the test unit. These tests were made

by securing the membrane over a 3/8" diameter hole and exposing one side of

the membrane to pressurized water and the other side to atmospheric air. Leak-

age was determined by visual observation. The water pressure was gradually in-

creased to determine where leakage was visible. Table 4.3 tabulates the results
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Membrane

MC 3142

MA 3148

XLMA 3236

XLMC 3235

TABLE 4.3

LEAKAGE TEST RESULTS

lonac Membranes After Soaking In

Room Temperature Water for 16 Hours

Water Pressure

Pressure Duration

16 psig 16 hrs

16 psig i hr

16 psig i hr

15 psig i hr

lonac Membranes After Soaking In
180°F Water for Four Hours

Membrane Water Pressure

MC 3142 2 pstg

MA 3148 i0 psig

XLMA 3236 8 psig

XLMC 3235 3 psig

NON WETTING POROUS MATERIALS

Sample

ESB Reeves Corp. Porous KeI-F

(Pore size under

7 microns)

ESB Reeves Corp. Porous Polyethylene
13-CN (Pore size

under 2 microns)

Results

No leakage

No leakage

No leakage

Small leakage

at first but

increased with

time

Results

Rapid leakage

Small leakage

Rapid leakage

Rapid leakage

Results

Leaked at 7 psig

Leakaed at 3.5 psig
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of these leakagetests. Since the lonacMA3148membraneshowedvery small
leakage, a set of membraneswerepreparedfor installation in the test unit.
Thls membranewasrun for approximatelyfour hours at acld temperaturesof
125°Fand 140°F,but extremely small amountsof liquid wereextracted during
this period anda pH i wasnever exceeded.Thusthe lonac Membraneslisted
In Table 4.3 weredeterminedunsuitable for the intended application and test-
ing of thesemembraneswasdiscontinued.

4.4.2 Porous Material Tests

Two samples of non-wettlng porous sheets were obtained from the ESB Reeves

Corporation to determine the suitability of their use in a water extraction

unit. A sample of porous Kel-F sheet, wlth pore size under 7 microns and a

sample of porous polyethylene sheet with pore size under 2 microns were leak

tested in the same manner as the Ionac membranes. The tests were made with

water at room temperature. Leakage through the Kel-F material occurred at

7 pslg and leakage through the polyethylene material occurred at 3.5 psig.

These materials were considered unsatisfactory for acid-water separation.
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5.0 Materials Compatabillt_ Tests

5.1 Membrane Support Matrices

During initial membrane performance tests, a Trilox spacer matrix was used be-

tween the membrane and the perforated support plates. It was found that after

this material had been subjected to 200°F acid and 15 psi pressure for six

hours the material had suffered a permanent deformation of 25% of the original

thickness of O.1 inch. The compression of this material was considered unsat-"

isfactory for this purpose as it would result in membrane stretching as well

as constrict the flow of vapor from the membrane surface to the holes in the

perforated plate. However, the exposure of this material to 200°F acid appeared

not to effect the material in any other manner.

Twelve mesh x 0.032" wire Monel screens were substituted for the Trilox material

to give rigid support to the membranes and to prevent constriction of the lat-

eral vapor flow. HOwever, the bare Monel metal screens were severely corroded

upon exposure to the acid saturated membrane at high temperatures.

To prevent acid attack on the Monel metal and to provide a non-wetting support

for the membranes the screens were coated with a teflon film. This was accom-

plished by dipping the screens in a Teflon dispersion solution of 12% TFE and

88% water by weight and sintering at 200°F for 30 seconds. Two coats were

applied in this manner. Further membrane testing resulted in the flaking off

of the teflon coating and severe corrosion of the Monel screens. The screens

were coated again after cleaning with a solution of 20% chromium trioxide 10%

sulfuric acid and 70% water. The coating was applied in the same manner as

before but wlth a TFE dispersion of 20% TFE and 80% water. Further testing

resulted again in the flaking off of the coating and severe corrosion of the

metal.

The Monel screens were then coated with a thin film of Kel-F. The coating was

applied to the screens by dipping them in a full strength KX-633 Kel-F dis-

persion and the excess blown off with an argon gas stream. The screens were

allowed to air dry and then were placed in a 500°F oven for 20 minutes. Three

coatings were applied in this manner. Subsequent testing with these screens
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included all of the tests with the AMFC-60membrane.Visual observation at
the completionof membranetests revealedonly a slight discoloration on the
metal at a few spots beneaththe coating. Thecoating howeverappearedto be
in excellent condition.

5.2 Materials of Construction

Early in the program, precautionary compatibility tests on materials of con-

struction used In the "Osmotic Still" test unit and test rig were made. These

tests consisted of immersing two samples of material in the same 25 per cent

sulphuric acid bath for a continuous 31 day test. One sample of Polyvinyl Di-

chloride (2.905 grams) and one sample of Cast Methyl Methacrylate (2.462 grams)

were used for testing purposes. During the period of 31 days, the acid bath
o

was heated to a temperature of 200 F and was kept at that temperature for the

remainder of the time. Visual inspection after this elapsed time showed no

deterioration of the samples. It was intended to weigh these samples at the

end of the test, but the samples were accidentally destroyed due to overheating

of the acid bath.

Since this test was strictly qualitative and since the test unit and some of

the other test rig components were fabricated from uncertified materials,

quantitative tests on samples made from both uncertified stock and from certified

stock were conducted. The results of a 30 day test on Polyvinyl Dichloride

(PVDC) and Polymethyl Methacrylate materials after being exposed to a 30% sol-

ution of sulfuric acid at 200°F in a reflux condenser are presented in Table

5.1 A total of eight samples were tested. Two duplicate samples each of

Polyvinyl Dichloride and Polymethyl Methacrylate prepared from "Still Test Unit"

material stock, and two samples each of subsequently purchased "certified"

material were tested. The weight, hardness, and dimension of each sample was

determined before and after the test.
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6.0 Conclusions of Experimental Test Pro6ram

The following major conclusions were drawn as a result of the experimental test

program.

io The only membranes of those tested, which are suitable for the

osmotic still application, are the American Machine and Foundry

membranes. Of these the C-60 cation membrane exhibited the

highest water extraction rate and operated satisfactorily up

to 200°F. Furthersthis membrane exhibited high strength and

extreme flexibility which permitted ease of fabrication and

subsequent handling.

2, The AMF C-60 membrane material as received is water saturated.

Before membrane cutting and installation, the membrane material

must be saturated in an acid solution of the concentration used

in the still (6 N H2S04). This treatment preshrinks the membrane

material, preventing subsequent shrinking during operation of the

still.

o During assembly of the C-60 membranes into the still test _mit,

the vapor side of the membrane must be wiped dry to Drevent

induced "weepage" as discussed in Section 4.4.1.2.

4. The Polyvlnyl Dichloride was determined to be a suitable material

for still component construction.

. Rigid Monel screens _oated with Kel-F as described in Section 5.0

;as determined to be suitable as a vapor-cavity membrane support

_le_.ert_

6. It was deLe1_mined that the Trilox Fabric (Style D-59633-C) is a suit-

able mate_i._l for use in a 200CF acid environment.

181



7.0 2KW Osmotic Still

7.1 Design Specifications

An osmotic still was designed to have a water separation capacity equal to the

water generation of a nominal 2KW fuel cell. The unit designed to provide this

capacity has the following specifications:

H20 Extraction Rate = 2 lb/hr = 908 cc/hr

H2SO 4 Concentration = 6N or 25%

Average H2SO 4 Temperature = 200°F

Total Active Membrane Area = 7 Ft 2

Number of Membranes 14

Active Membrane Diameter = 9.6"

Number of Electrolyte Cavities = 8

Number of Vapor Cavities = 7

7.2 Unit Description

Figure 7.1 shows an exploded view of the "2 KW Osmotic Still". The unit con-

sists of 7 vapor cavities and 8 acid cavities separated by 14 AMF C-60 membranes.

The membranes are supported on the vapor side by two Kel-F coated monel screens

shown in Figure 7.2 to allow vapor to flow laterally through the vapor cavity

to the internal vapor manifolds in the unit rim. The vapor cavity recess in the

vapor cavity rim shown in Figure 7.3 allows vapor flow around the screen matrix

to the vapor manifold with a minimum vapor pressure drop. The acid, entering

at the bottom of the unit flows through each of the electrolyte cavities in

succession (a series arrangement) and leaves the unit at the top. The pressure

drop in the acid flow stream results in a net force from the bottom acid cavity

to the top acid cavity. This force created by the series flow arrangement of

the acid, required that the membranes be also supported in the acid cavity.

These supports are Trilox spacer fabric oriented to provide good flow distri-

bution of the acid over the membranes. The membranes are gasketed on bath sides

with Viton rubber gaskets. Gaskets are provided on both sides of the bolt hole

and manifold circle, the inner gaskets provide the seal while the outer gaskets

merely act as spacers to prevent bending moments about the inner gaskets. The

acid and vapor Internal manifolds are sealed with Viton rubber gaskets between
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the acid and vapor cavity rims. Since the vapor manifolds are below atmospheric

pressure, slotted stainless steel tubes are inserted in the vapor manifolds to

prevent the manifold gaskets from collapsing into the manifold. The lapping of

the Viton gasket over the monel screen on the vapor sides of the membranes pro-

tects the membrane from the wire ends of the monel screen supports preventing

membrane puncture.

Figures 7.4 and 7.5 show two photos of the "2K Csmotic Still". These photo-

graphs were taken after the successful completion of the i00 hr test.

7._ iMaterials of Construction

The materials of construction used for the various components of the 2 KW

unit are described herein.

i. The end supports and the acid and vapor cavity rims sre Polyvinyl

Dichloride.

2. The membrane gaskets are Viton rubber 0.016" thick.

3. The acid and vapor manifolds are Viton rubber 0.048" thick.

4. The acid side support matrix is polyethelene-polypropolene (U.

Rubber Trilox Fabric style D-59633C)

S.

5. The vapor side support screens are i0 mesh x .032" wire monel screens

coated with KeI-F as described in Section 5.1.

6. The slotted tube in the vapor cavities is 3/8" x 0.038" wall 316

stainless steel.

7.3 Test Rig Description and Operation

The test rig used for the i00 Hr test of the "2 KW Osmotic Still" unit is

shown schematically in Figure 7.6. A photograph of this rig is shown in

Figure 7.7.

The acid electrolyte is circulated through the unit with a positive displace-

ment Vanton Flexiliner sealess pump with a hypalon liner. The acid is heated
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Figure 7.4 "2 KW Osmotic Still" Assembly Showing "Acid Outlet Line" 
( top  left) and "H20 Vapor Line" to Monometer (top right) 
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Figure 7.5 "2 KW Osmotic S t i l l "  Assembly Showing Acid I n l e t  Line ( top left) 
and H20 Vapor Outlet Line (top r i g h t  - 

bridged) 
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Figure 7.7 Photo of Test Rig for 100 Hour Performance Test of "2 KW 
Osmotic Still" 
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in the acid reservoir andthe test temperatureis maintainedeither by manual
voltage control of the reservoir heater or by the on-off controller with the
sensorimmersedin the acid inlet llne. Theacid concentration is maintained

by supplying distilled water to the acid reservoir from the pressurized H20
supply reservoir. Theconcentrationis maintainedeither by manualoperation
of the H20supplyvalue or by the on-off controller activating a solenoid value
in the H20supply line. Theconcentrationsensorfor the controller is a con-
ductivity cell immersedin the acid inlet line. Theacid loop maybe pressurized
with air at the _ reservoir_

Watervapor leaving the vapor cavities of the test unit is condensedin the
plexiglass water jacketed condenserandperiodically drained from the condenser
hot well to the condensatecollector. Thecondensatecollector and the entire
vapor systemis connectedto a vacuumpumpfor evacuationof the vapor system
andfor periodic non-condensablepurges. Thecondenseris cooledby circula-
ting coolant water from the coolant water reservoir throughthe water jacket
of the condenserwith a centrifugal pump. Thewater vaporpressure is controlled
by controlling the water coolant temperatureandflow to the condenser. The
condensercoolant temperatureis maintainedby the controlled addition of cold
tap water to the coolant reservoir and allowing hot coolant to drain out of
the coolant system. Theaddition of the tap water to the coolant systemis
controlled either by manualcontrol of the tap water supply valve or by the
on-off controller whichactuates the solenoidvalve in the tap water supply
line. This controller hasa temperaturesensorimmersedin the coolant line
to the condenser. The2 KWunit is mountedin a heatedcabinet to prevent
excessiveheat loss during operation. Thevaporpressure is measuredwith a
standardU tube monometer.Thevapor leg of the monometerandthe vapor line
betweenthe monometerandthe heatedcabinet is heatedwith a wrap-onstrip
heater to prevent condensation. Temperaturesof the acid entering and leaving
the 2 KWunit andtemperaturesof the condensercoolant water entering and
leaving the condenserare measuredwith calibrated mercuryin glass thermometers
immerseddirectly in the fluid streams.

All the acid, vapor, and condensercoolant lines are Polyvinyl Dichloride pipe.
Thevalves in the acid lines andthe'condensatedrain valves are Vantonflex-plug
gate valves with pentonbodies andhypalonstemcaps.
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7.4 Test Procedure and Results

7.4.1 Preliminary Tests

Initially, acid flow distribution tests were conducted to test various methods

of obtaining good flow distribution in the acid cavity. These tests were per-

formed by placing an acid cavity rim between two transparent plexiglass plates

and flowing water through the cavity. Flow distribution was determined visually

by injecting dye into the cavity at various points. Two types of flow distri-

butors were determined to be satisfactory. One type, shown in Figure 7.8, was

used initially in the 2 KW unit but this type of distributor caused puncturing

of the membranes. The other type which was used successfully in the 2 KW unit

is shown in Figure 7.9.

Preliminary leak tests of the assembled 2 KW unit were performed by evacuating

the vapor side of the unit while applying l0 psig air on the acid side and

sealing the unit. Leakage was then detected by the inability of the sealed

unit to hold the vacuum and the positive pressure. Initial leak tests on the

unit indicated no leakage from the acid side of the unit but gasket

failures in the vapor manifold resulted in loss of vacuum on the vapor side.

This failure was due to the ability of the gasket to move into the evacuated

manifold under the influence of compression and pressure difference. Intro-

duction of the slotted stainless steel tube prevented this gasket failure and

all leakage was eliminated.

7.4.2 i00 Hr Test Procedure

Upon installation of the assembled unit in the test rig, the vapor side of the

system was evacuated. Acid and condenser coolant were circulated and heated

from room temperature to operating temperature. The acid reservoir was main-

tained at atmospheric pressure. The vapor pressure was varied by adjustment of

the condenser coolant temperature until the design water extraction rate of

908 cc/hrwas obtained. After approximately 5 1/2 hrs from the initial eva-

cuation of the vapor system, the design extraction rate was attained and the

lO0 hr test was started. All test variables were recorded and appropriate

adjustments were made every 15 minutes for the first 5 hours of the test
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ELECTRO LYTE

CAVITY HOUSING

OUTLET MANIFOLD

OUTLET PORTS

PERFORATED

BARRIER

TRILOX FABRIC

\

FLOW PATTERN

\i /
/

INLET PORTS

INLET MANIFOLD

FIGURE 7.8 ELECTROLYTE FLOW DISTRIBUTION ARRANGEMENT USING
PERFORATED BARRIER SURROUNDING INLET PORTS
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CAVITY HOUSING

II I I

OUTLET MANIFOLD
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FIGURE 7.9 ELECTROLYTE FLOW DISTRIBUTION ARRANGEMENT USING
TRILOX FABRIC THROUGHOUT ELECTROLYTE CAVITY
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and every 30 minutes for the remainder of the test. The vapor system was purged

through the condenser approximately every 15 minutes.

During the first 40 hrs of the test_ the average acid temperature in the test

unit was maintained only between 185°F and I;JT°F due to excessive heat loss in

the acid lines arid reservoir as well as to insufficient contact between the

heatar and the glass res_±voiz'. The average acid temperature in the unit was

approximately between 195°F and 199°F for the remaining 60 hours of the Test

after an additional heater was installed at the acid reservoir and additional

insulation was added. Condensed water vapor was removed from the condensate

collector every 2 flours and measured. Periodic nominal measurements of the

water DH were made throughout the tests with pH indicator paper and wi_h a

Taylor DH meter.

During the entire test there were no failures and the i00 hrs test was con tin-

UO!] S •

7._._ Test Results

The i00 hr continuous endurance test run on the 2 KW unit was successfully com-

pleted. A total of 91,121 cc of water was removed from the test unit auring

the 100 hrs. An average removal rate of 911 cc/hr was attained, meeting the

lesign removal rate of 908 cc/hr (2 ib/hr). The average acid temperature in

the test _nit was 185 - 187°F during the first 40 hours and 195 - 199°F during

the remainder of the test. Table 7.1 lists average test variables for the

entire I00 hrs. Table 7.2 lists condensate pH of samples taken from water

storage bottles at the termination of the test. These measurements indicate

an increase of we_ter purit7 with test time. Tab].e 7.3 lists pertinent reduced

test values taken at various times throughout the i00 hrs.

A comparison of performance of the still is made in Figure 7.10. Table 7.3

vapor pressure difference data is compared to the vapor pressure difference

predicted from Figure 4.5 for the average H20 extraction rate of the tesC points.

This comparison indicates no decrease in still performance during the !00 hour

test. In addition it can be seen that the operating vapor difference was 22_

less than that shown in Figure 4.5 for the average water extraction rate of

129.5 cc/hr ft 2.
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TABLE7.1

ioo Hr Test Data

Electrolyte - Sulfuric Acid Solution

Acid Concentration - 25.2 %" (6N)

Average Acid Temperature - ]-85 - 187°F During first 40 Hrs

- 195 - 199°F During last 60 Hrs

Total Water Removed During lO0 Hrs - 91121 cc

Average Water Removal Rate - 911 cc/hr - 130 cc/hr ft 2 membrane

Acid Flow Rate - Approximately 3.5 - 4.1 lbs/hr

Condenser Water Flow Rate - Approximately 7 - 9.5 lbs/hr

TABLE 7.2

pH of Collected Water

Container Water Test Time Water

No Quantity Duration
Gallons Hrs pH

i 5 Q-21 4.8

2 5 21-42 5.0

3 5 42-63 5.1

4 5 63-84 5.4

5 4 24-100 5.6

Measurements taken with Taylor pH meter
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Visual examinationof the still componentsuponstill disassemblyafter the
test indicated that all the componentsof the still werein excellent condition
andthat the coatedmonelscreensshowedonly a slight discoloration under the
Eel-F film in a few areas.
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llI. CONCLUSIONS

This report has defined and presented the methods used in constructing and test-

ing the dual membrane fuel cell and the osmotic still, two major components of

the TRW space vehicle power supply. Both units were found to perform better

than required by program design goals.

The results of the program have verified the safety of dual membrane fuel cells

and the loose controls permitted in their operation. The circulating electrolyte

serves ideally as a heat and moisture removal medium which, when coupled with

the osmotic still, permits zero gravity water separation with no free liquid

surface.

Contrary to typical fuel cell technology each scale-up in design resulted in

an improvement in cell performance. Because the approach taken to the 2 KW

Battery Design was based upon demonstrated performance and because the compon-

ent sizes were not optimized, the construction of such a battery is very con-

servative.

The general conclusion is that the power system remains very attractive. Add-

tional effort should be spent in optimizing the component geometries, e.g.,

electrolyte compartment thlckness_ which would considerably decrease battery

weight and volume. The system is inherently rugged and reliable. Additional

experimental development should be aimed at decreasing oxygen-side polarization

and liquid transport through the membranes. Subsequent to that part of the

program which was related to electrode fabrication much progress has been made

on other government sponsored programs which indicate that electrodes, applic-

able to dual membrane cells are available commercially and would not represent

a cell limitation.

An evaluation of the test results obtained during the lO0 hour test of the osmotic

still indicates the adequacy of performance of this unit for application in the

dual membrane fuel cell system. Since a reduced electrolyte normality substantially

increases the water extraction rate of the osmotic still while exhibiting little

or no effect on the fuel cell performance# it can be concluded that further opt-

imization can be accomplished in matching fuel cell and osmotic still performance

characteristics. Such optimization should result in a substantial size and

weight reduction of the osmotic still.
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Cell No.

E0223

09708

E0224

EI305

E]308

E1312

El310

E1302

E1313

El314

E1315

E1318

E1320

E1324

Table A2

Summary of Electrode Studies in 4 Sq. In. Cells

(20°C; l arm; 61AZG Membrane)

Electrodes

Platinum gauze sprayed with
platinum black in solution

of polyethylene in benzene.

Standard Sintered with 0.26

gm Teflon.

Sintered electrodes fabricated

by Clevite Corporation.

Platinum gauze mixture of platinum
black and solution of polyethylene
in benzene sprayed on membrane.

Sintered electrodes using 0.28 gm
KeI-F dispersion in place of

Teflon dispersion.
Without MgO,

Sintered electrodes as above with

0.4 gm MgO.

Platinum gauze sprayed with platinized

carbon in solution of polyethylene
in benzene.

Platinum gauze electrolytically

coated with platinum.

Standard sintered electrodes but

with 0.13 grams Teflon.

Standard sintered electrodes but

with 0°52 grams Teflon.

Standard sintered electrodes but

with 1.06 grams Teflon.

Standard sintered electrodes but

without MgO.

Standard sintered electrodes

but with 2.0 grams Teflon.

Sintered electrodes pressed at
I0,000 psi made by Clevite Corp.

Voltage at
14.4 Amps/Ft 2

0.70

0.73

0.74

0.66

0.72

0 .S5

0.420

0.38

0.72

0.68

0.74

0.69

O .44

0.41

Specific
Conductance

Mhos/Ft 2

95

135

I16

105

145

67

55

lO0

125

ll5

64

I00
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Table A2 (continued)

Specific

Voltage at 2 Conductance
Cell No. Electrodes 14.4 Amps/Ft Mhos/Ft 2

i i

EI332 0.41 95

EI317

ADL-I

ADL-2

ADL-3

Sintered platinum black

electrodes made by MOTT

Metallurgical Corp.

Hydrogen Electrode as E1313

Oxygen Electrode as E1315

Standard sintered.

A thin layer of platinum black
was sandwiched between membranes

and platinum gauzes well coated
with electrochemically deposited

platinum black.

Platinized carbon electrodes.

O .76

0.74

O .76

0.34

135

95
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Table A3

Effect of Time and Temperature

(4 Sq. In. Cells)

Cell
Number

D9204

D9209

Time
Hours

,m,

0

24

408

864

2

5

8

26

28

30

Temperatu re
° c

20

It

It

II

Voltage at 2
14.4 Amps/Ft

0.78

0.83

0.72

0.68

24.0

35.0

36.3

39.5

41.5

44.0

0.76

0.797

0.80

0.805

0.81

0.818

A- ! 0 NASA-L_,g_y,1964 E-2561


